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Con especial cariño, dedico esta tesis a mis querid́ısimos padres, quienes han
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Abstract

Abstract

Understanding what happens to hydrometeors, such as atmospheric snow particles
(ice crystals, snow crystals, and snowflakes) in clouds is crucial for improving meteorolog-
ical forecast and climate models. Consequently, improved predictions of the precipitation
amount reaching the ground (snowfall) require accurate knowledge of the microphysical
properties of ice crystals, such as their size, cross-sectional area, shape, fall speed, and
mass. In particular, the shape is an important parameter. It strongly influences the
scattering properties of these ice particles. Snowfall has long been monitored by ground-
based instruments, but instruments that can simultaneously measure all microphysical
properties are still scarce.

Accurate knowledge of microphysical properties is essential to achieve more realistic
parameterizations in atmospheric models. Also, this knowledge is required for increasing
accuracy of different remote sensing applications such as cloud and precipitation retrievals
from passive and active measurements from satellites. Questions of particular interest are
whether microphysical properties of precipitating snow particles show notably different
characteristics depending on location, for instance at high-latitudes and what parame-
terizations best describe these microphysical properties. How particle shape affects other
properties, such as fall speed and mass, is also important.

The particle shape is an important parameter, not only for the investigation of growth
processes but also because of its importance for optical remote sensing retrievals of cloud
properties and snow albedo. Therefore, studying snow microphysical properties and how
they depend on particle shape is crucial to ensure accurate cloud parameterizations in
climate and forecast models, and to the understanding of precipitation in cold climates.

In this thesis ground-based in-situ measurements carried out in Kiruna, Sweden, are
presented. Natural snow, ice crystals, and other hydrometeors covering particle sizes
from 0.05 to 4 mm have been classified. Measurements have been taken during the snow-
fall season from the beginning of November to the middle of May from 2014 to 2019.
A ground-based in-situ instrument, Dual Ice Crystal Imager (D-ICI), which takes high-
resolution side- and top-view images of hydrometeors was used. Particle size (maximum
dimension), cross-sectional area, area ratio, aspect ratio, fall speed and mass of individual
particles have been determined. A novel shape classification, where each particle shape
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is sorted into different shape groups, has been proposed, comprising a total of 135 unique
shapes, including 34 new snow crystal shapes found in Kiruna.

The main contributions of this thesis will enhance the improvement in the under-
standing of precipitation in a cold climate. An updated snow crystal shape classification
is presented and a different shape classification method is proposed. The new snow mea-
surements and parameterizations studied in this work for different snow crystal shapes
will be useful for climate and forecast models. These parameterizations include rela-
tionships between particle size, cross-sectional area, fall speed and mass as a function of
shape. The measured data shows a wide spread; however, binning the data according to
size or cross-sectional area has improved correlations leading to more reliable parameteri-
zations of fall speed versus size or cross-sectional area. Vertically orientated particles fall
faster on average, but most particles for which orientation can be defined fall horizontally.
The particle mass has been determined from measured particle size, cross-sectional area,
and fall speed. When binning the data, the fall speed vs mass, mass vs particle size, and
mass vs cross-sectional area relationships also show a high correlation. The relationships
presented in this thesis have been compared with the results shown in previous studies.

Sammanfattning

Att först̊a vad som händer med snöpartiklar (iskristaller, snökristaller, och snöflingor)
i moln är avgörande för att förbättra meteorologiska prognoser och klimatmodeller.
Följaktligen kräver förbättrade uppskattningar om nederbördsmängden som n̊ar marken
(snöfall) noggrann kunskap om de mikrofysiska egenskaperna hos snöpartiklarna, s̊asom
deras storlek, tvärsnittsarea, form, fallhastighet och massa. I synnerhet är formen en
viktig parameter eftersom den starkt p̊averkar str̊alningsspridningen. Snöfall har länge
oberverats med hjälp av markbaserade instrument, men instrument som samtidigt kan
mäta alla mikrofysiska egenskaper är sällsynta.

Noggrann kunskap om mikrofysiska egenskaper är nödvändig för att uppn̊a mer re-
alistiska parametrar i atmosfäriska modeller. Denna kunskap krävs ocks̊a för att öka
noggrannheten hos olika fjärranalysapplikationer, s̊asom spridningsegenskaper, moln- och
nederbörds̊aterhämtningar fr̊an passiva och aktiva mätningar fr̊an satelliter. Fr̊agor av
särskilt intresse är om mikrofysiska egenskaper hos snöfall har olika egenskaper beroende
p̊a geografiskt om̊ade och vilka parametrar som bäst beskriver dess egenskaper. Hur par-
tikelform p̊averkar andra egenskaper, s̊asom fallhastighet och massa, är ocks̊a viktigt.

Partikelformen är en viktig parameter, inte bara för undersökning av tillväxtprocesser
utan ocks̊a p̊a grund av dess betydelse för optisk fjärr̊aterhämtning av molnegenskaper
och snöalbedo. Därför är studien av snömikrofysiska egenskaper p̊a formberoende viktigt
för att säkerställa korrekta molnparametrar i klimat- och prognosmodeller, förutom att
bidra till kunskapen om nederbörd i kalla klimat.

I denna avhandling presenteras markbaserade in-situ-mätningar utförda i Kiruna,
Sverige. Naturlig snö, iskristaller och andra hydrometeorer som täcker partikelstorlekar
fr̊an 0.05 till 4 mm har klassificerats. Mätningar gjordes under snöfallsäsongen fr̊an början
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av november till mitten av maj fr̊an 2014 till 2019. Ett markbaserat in situ-instrument,
Dual Ice Crystal Imager (D-ICI), som tar högupplöst sida och topp -vy bilder av hydrom-
eteorer användes. Partikelstorlek (maximal dimension), tvärsnittsarea, areaförh̊allande,
bildförh̊allande, fallhastighet och massa för enskilda partiklar har bestämts. En ny formk-
lassificering, där varje partikelform sorteras i olika formgrupper, har föreslagits, omfat-
tande totalt 135 unika former, inklusive 34 nya snökristallformer som finns i Kiruna.

Avhandlingens huvudsakliga bidrag är den nya metoden för att klassificera och sortera
snöpartiklar, utöka kunskapen om nederbörd i ett kallt klimat och tillhandah̊alla nya
formparametrar användbara för klimat- och prognosmodeller. Dessa parametrar inklud-
erar undersökningar av sambandet mellan partikelstorlek, tvärsnittsarea, fallhastighet
och massa som en funktion av form. Det har visat sig att binning av data enligt storlek
eller tvärsnittsarea förbättrade korrelationerna vilket leder till mer tillförlitliga parame-
trar av fallhastighet kontra storlek eller tvärsnittsarea. Vertikalt orienterade partik-
lar faller snabbare i genomsnitt, men att majoriteten av partiklar för vilka orientering
kan definieras faller horisontellt. Partikelmassan har bestämts utifr̊an partikelstorlek,
tvärsnittsarea och fallhastighetsmätdata. När data binds, visar ocks̊a fallhastigheten
kontra massa, massa mot partikelstorlek och förh̊allanden mellan massa och tvärsnitt
en hög korrelation. Relationerna som presenteras i denna avhandling har jämförts med
resultaten visade i tidigare studier.

Resumen

Comprender lo que les sucede a los hidrometeoros, como las part́ıculas de nieve
atmosférica (cristales de hielo, cristales de nieve, y copos de nieve) en las nubes, es
fundamental para mejorar los pronósticos meteorológicos y los modelos climáticos. En
consecuencia, las predicciones mejoradas de la cantidad de precipitación que llega al
suelo (nevadas) requieren un conocimiento preciso de las propiedades microf́ısicas de los
cristales de hielo, como su tamaño, área de sección transversal, forma, velocidad de cáıda
y masa. En particular, la forma es un parámetro importante ya que influye fuertemente
en la propiedades de dispersión de estas part́ıculas de hielo y, por tanto, en su respuesta
a las técnicas de teledetección como las mediciones de radar.

Las nevadas han sido monitoreadas durante mucho tiempo por instrumentos ter-
restres, pero aún son escasos los instrumentos que pueden medir simultáneamente todas
las propiedades microf́ısicas. El conocimiento preciso de las propiedades microf́ısicas es
esencial para lograr parametrizaciones más realistas en modelos atmosféricos. Además,
este conocimiento es necesario para aumentar la precisión de diferentes aplicaciones de
teledetección, como las propiedades de dispersión, la recuperación de nubes y precipita-
ciones a partir de mediciones de microondas pasivas y activas de satélites. Las preguntas
de particular interés son si las propiedades microf́ısicas de las part́ıculas de nieve precip-
itadas muestran caracteŕısticas notablemente diferentes según la ubicación, por ejemplo,
en latitudes altas y qué parametrizaciones describen mejor estas propiedades microf́ısicas.
También es importante cómo la forma de las part́ıculas afecta a otras propiedades, como
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la velocidad de cáıda y la masa.
La forma de las part́ıculas es un parámetro importante, no solo para la investigación

de los procesos de crecimiento, sino también por su importancia para la recuperación
óptica remota de las propiedades de las nubes y el albedo de la nieve. Por lo tanto, el
estudio de las propiedades microf́ısicas de la nieve sobre la dependencia de la forma es
crucial para garantizar una parametrización precisa de las nubes en los modelos climáticos
y de pronóstico, además de la comprensión de la precipitación en climas fŕıos.

En esta tesis se presentan las mediciones in situ en tierra realizadas en Kiruna, Sue-
cia. Se han clasificado la nieve natural, los cristales de hielo y otros hidrometeoros que
cubren tamaños de part́ıculas de 0.05 a 4 mm. Las mediciones se tomaron durante la
temporada de nevadas desde principios de noviembre hasta mediados de mayo de 2014
a 2019. Se utilizó un instrumento in situ basado en tierra, Dual Ice Crystal Imager (D-
ICI), que toma imágenes de alta resolución de la vista lateral y superior de hidrometeoros.
Se han determinado el tamaño de part́ıcula (dimensión máxima), el área de la sección
transversal, la relación de área, la relación de aspecto, la velocidad de cáıda y la masa de
part́ıculas individuales. Se ha propuesto una nueva clasificación de formas, donde cada
forma de part́ıcula se clasifica en diferentes grupos de formas, que comprende un total de
135 formas únicas, incluidas 34 nuevas formas de cristales de nieve que se encontraron
en Kiruna.

Las principales contribuciones de esta tesis mejorarán la comprensión de la precip-
itación en climas fŕıos. Se presenta una clasificación actualizada de las formas de cristales
de nieve y se propopone un diferente método para la clasificación de las formas de las
part́ıculas de nieve. Las nuevas mediciones y parametrizaciones de nieve estudiadas en
este trabajo para diferentes formas de cristales de nieve, serán útiles para los modelos
climáticos y de pronóstico. Estas parametrizaciones incluyen investigaciones de las rela-
ciones entre el tamaño de las part́ıculas, el área de la sección transversal, la velocidad
de cáıda y la masa en función de la forma. Los datos medidos muestran una amplia dis-
persión; sin embargo, agrupar los datos según el tamaño o el área de la sección transversal
mejora las correlaciones que conducen a parametrizaciones más fiables de la velocidad
de cáıda frente al tamaño o el área de la sección transversal. Las part́ıculas orientadas
verticalmente caen más rápido en promedio, pero la mayoŕıa de las part́ıculas para las
que se puede definir la orientación caen horizontalmente. La masa de part́ıculas se ha de-
terminado a partir de los datos medidos del tamaño de las part́ıculas, el área de la sección
transversal y la velocidad de cáıda. Al agrupar los datos, las relaciones de la velocidad
de cáıda frente a la masa, la masa frente al tamaño de las part́ıcula y la masa frente al
área transversal también muestran una alta correlación. Las relaciones presentadas en
esta tesis se han comparado con los resultados mostrados en estudios anteriores.
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Chapter 1

Introduction

“Imagination will often carry us to worlds that never
were. But without it, we go nowhere. Somewhere,

something incredible is waiting to be known.”
<Carl Sagan>

Snowfall plays an important role in the global hydrological cycle and also has a large
impact on the global energy budget (see, e.g. Cohen and Rind [1991], Field and Heyms-
field [2015]). Good knowledge of the microphysical properties of hydrometeors1, such
as snow particles, is essential to ensure accurate predictions of snowfall.

Good understanding of snow and ice in the atmosphere is essential for a better com-
prehension of the dynamics of the atmosphere. For instance, light snow and fog are
important weather phenomena as they affect aviation and transportation safety by re-
ducing visibility (Gultepe et al. [2015]). However, it is difficult to forecast these weather
phenomena (Gultepe et al. [2009, 2015]), for example, due to the fact that microcli-
mate2 and local conditions (e.g. temperature and humidity) affect whether ice or snow
appears in a particular location (TWC [2018]). Therefore, a better understanding of
snow particles and their microphysical properties, such as size, area, shape, fall speed,
and mass, is essential for the development of meteorological forecast and climate models
(see, e.g. Tao et al. [2003], Stoelinga et al. [2003]). Consequently, improvements in our
knowledge on the microphysics will improve the parametrizations used in the atmospheric
models. The microphysical properties of the falling snow particles are required for the
retrieval of the ground precipitation amount.

Snowfall has long been monitored by ground-based instruments. Ground-based ob-

1Hydrometeors: Consist of liquid water or ice particles formed as a result of condensation or
deposition in the atmosphere or on Earth’s surface. Water or ice particles blown from the ground into
the atmosphere are also considered as hydrometeors. Some well-known hydrometeors are suspended
particles or condensation (clouds, fog, ice fog, mist, frost), falling particles or precipitation
(rain, drizzle, snow, snow crystals, hail, ice crystals), particles raised by wind (drifting and blowing
snow, blowing spray), deposits of particles (dew, rime, glaze), and spouts (tornado, landspout, cold
air tunnel, waterspout) (WMO [2020]).

2Microclimate: Consists of environmental variables, including temperature, radiation, humidity
and wind to which, for instance, a surface or object are exposed.

3



4 Introduction

servations can offer a general advantage since they can be achieved using in-situ and
remote sensing instruments (Kneifel [2011]).

This thesis addresses the microphysical properties of natural hydrometeors using
ground-based in-situ instrumentation. The D-ICI instrument produces high-resolution
images, so that I could assess how microphysical properties depend on snow habit, and
to find representative parameterizations for these relationships to use in models. The
first part of this chapter, which initially includes a background, gives an overview of the
relevance of snowfall measurements within our global climate system and their contribu-
tion to achieving more realistic parameterizations in atmospheric models, and improve
climate and meteorological models. In the second part, I identify the main challenges in
snowfall measurements, and I give the specific objectives of this thesis, which I compile
as research questions. Another part of this chapter includes the procedure I followed
to carry out the work presented in this thesis (investigation, measurements, analysis,
results and publications). And finally, the contents presented in this thesis, including my
contributions, are outlined at the end of this chapter.

1.1 Background

Water, in all its states, is fundamental for all species on Earth. In its solid state, ice and
snow, both in clouds and on the ground, it also plays a very important role within our
global climate system. Ice and snow regulate the temperature of the Earth’s surface by
reflecting sunlight back to space, thereby cooling the planet.

Snow has an albedo (or reflectivity)3) of 0.9, whereas sea ice albedo varies from
approximately 0.5 to 0.7, and ocean albedo is approximately 0.06 (Figure 1.1). Therefore,
the ocean reflects less of the incoming solar radiation compared to sea ice, 6% (ocean) and
50% to 70% (for sea ice), while for sea ice, the portion of the absorbed radiation is much
smaller than in the case of the ocean. Consequently, the sea ice keeps cold temperatures
and delays the ice melting process on the planet (e.g. NSIDC and Center [2020]).

Snow is nearly a black body4 in the thermal infrared (IR) since it is moderately
absorptive with emissivity of 98–99% (e.g. Warren [2019]), therefore it very effectively
radiates away energy out to space (i.e., cooling the surface further), and the fresher the
snow the more effective the emission. If there is no snow, the night-time cooling slows
down.

Snow particle properties are taken into account in atmospheric radiative transfer
models5 when modelling the radiative impact of clouds, since the optical properties of
ice and snow have a large impact on the energy budget of solar and IR radiation over

3Albedo (or reflectivity): Capacity for reflection or refraction of the radiation reflected by the
surface of the Earth or any other surface. Albedo is usually applied to visible light, although it may
involve certain infrared regions of the electromagnetic spectrum.

4Black body: Theoretical object that completely absorbs all of the received light but reflects none.
5Atmospheric radiative transfer models: Tools used to simulate the interaction of light scat-

tering and absorption of radiation transfer through the atmosphere. These models allow the retrieval of
atmospheric composition and are usually used for atmospheric correction of airborne and satellite data.
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Figure 1.1: The albedo a of different surfaces: open ocean, sea (or bare) ice, and snow
(NSIDC and Center [2020]).

large parts of the Earth’s surface; furthermore, they are also critical to the climate. Op-
tical properties are also necessary for the interpretation and the design of remote-sensing
measurements and instruments on satellites (e.g. Warren [2019]).

Ice and snow tend to show high reflection in visible wavelengths (VIS; approxi-
mately 0.4–0.75 µm), less reflection in near-infrared (NIR, wavelength approximately
0.78–0.90 µm) and very low reflection in the short wave infrared (SWIR, approximate
wavelength 1.57–1.78 µm). The cooling by the reflection of solar energy from the snow
and ice gives stability to Earth’s surface temperature by inhibiting the melt. Therefore,
when snow and ice melt from the surface, it produces a positive feedback that can cause
even more solar energy to be absorbed by the planet, thus accelerating global warming.
Consequently, snow- and ice-albedo feedback are crucial in global climate change (e.g.
Budyko [1969], Kashiwase et al. [2017]).

The climate models which are based on atmospheric physics, fluid motion and chem-
istry are essential for a better understanding of the Earth’s climate and also to predict
how this will likely change in the future. For the past decades and ongoing climate mod-
els have been used to get projections of future global warming. As models become much
more sophisticated, a more accurate representation of the climate and better information
about future climate change (e.g. Palmer [2012]) can be obtained. However, models have
also limitations (e.g. Bader et al. [2008]). For instance, most models do not adequately
simulate the behaviour of snow cover and snowfall.



6 Introduction

Understanding what happens to hydrometeors, such as snow particles (ice crystals,
snow crystals, and snowflakes) in clouds contributes to the improvement of climate models
and the meteorological forecast. Therefore, the accurate knowledge of the microphysical
properties of snow particles, such as their size, size distribution, cross-sectional area, area
ratio, aspect ratio, shape, orientation, fall speed, and mass, is essential to achieve more
realistic parameterizations in atmospheric models (e.g. Stoelinga et al. [2003], Tao et al.
[2003]).

1.2 Identified Challenges and Research Objectives

Microphysical properties of snow particles are in general difficult to measure with remote
sensing instrumentation. The main challenge is to find the relationships between the
different microphysical properties in order to be able to, for example, correlate radar
reflectivity and snowfall rate6.

The specific objectives of this thesis are the study and a better understanding of the
microphysical properties of snow particles. Therefore, it is important to consider the
following research questions (RQs):

RQ1 How can the properties of snow particles be determined using ground-based in-situ
instruments?

RQ2 How can the snow particle shapes be classified?

RQ3 What are the relationships between fall speed, particle size, and area for different
snow particle shapes?

RQ4 How is mass affected by fall speed, particle size, and area for different snow particle
shapes?

1.3 Procedure

The work presented in this thesis was divided into four stages: investigation (1), mea-
surements (2), analysis (3), results and publications (4). The combination of them con-
tributed to addressing the aforementioned research questions. Stage (1) was based on
the literature reviews about ground-based in-situ instrumentation for snow measure-
ments and the snow particle microphysical properties (for instance, size, area, shape,
fall speed, and mass). In addition, the different particle shape classification scheme and
a review of the existing parameterizations of snow microphysical properties have been
investigated. Stage (2) was based on the collection of the data by performing snowfall
measurements using ground-based in-situ instrumentation. The dataset consists of high-
resolution images of falling natural snow particles and other hydrometeors collected in

6Snowfall rate: Snowfall is the amount of snow that falls to the ground in a given period of time,
whereas snowfall rate is the rate of snowfall at a given moment (IWM [2020]).
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Kiruna, Sweden using the ground-based in-situ instrument presented in Paper A. Stages
(3) and (4) were based on the data analysis. The different analyses include the study of
the aforementioned snow microphysical properties. The analyses and results are succes-
sively presented in Papers B, C, and D. The objectives and results corresponding to the
publications presented in this thesis are listed below:

• The main objective of Paper A is to present the instrument used in the snow
measurements described in this thesis. The instrument set-up and some preliminary
results of the snow microphysical properties, such as particle size and cross-sectional
area, are shown. The methodology based on the image processing used for the data
collection presented in this work is outlined. Furthermore, a literature review on
other instrumentation used for snow measurements is shown.

• The main objective of Paper B is to classify the different snow particle shapes
and update the already existing classification scheme by adding new snow parti-
cle shapes. Paper B investigates the particle shape of individual snow particles
and proposes a new method for their classification, which consists of sorting all the
shapes found into different groups by considering their different shape and morphol-
ogy. In addition, we present a historical review on the evolution of the previous
snow classification systems along the time.

• The main objective of Paper C is to investigate the shape dependence of the micro-
physical properties of falling snow particles, and how the fall speed is affected by the
particle shape. Paper C investigates the relationships between particle size, cross-
sectional area, and fall speed for the different shape groups presented in Paper B.
Fall speed parameterizations are studied and compared with previous studies. The
effects of orientation on the fall speed are also investigated. The results presented
in this paper lead to Paper D.

• The main objective of Paper D is to investigate and derive the mass of different
snow particle shapes from fall speed measurements. Paper D studies the particle
masses using measured particle sizes, cross-sectional areas, and fall speeds presented
in Paper C. The mass parameterizations are also compared with previous studies.

1.4 Thesis Outline

This is a compilation thesis consisting of two parts. Part I is a comprehensive sum-
mary that provides an introduction to the investigated topic and describes the research
questions. Furthermore, it provides background information, a description of the ap-
proach used to answer the research questions, and the results of different studies that
have contributed to a better understanding of the topic of this thesis. Part I concludes
with a discussion of the results achieved and the answers to the research questions. The
remaining chapters in Part I are organized as follows. Chapter 2 introduces a definition
of snow crystals and snowflakes. Additionally, gives a review of the physical mecha-
nisms that are involved in the snow crystal geometry, formation, and growth. The last
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part of the chapter describes the different shapes of snowflakes. Chapter 3 introduces
the snow crystal microphysical properties and their relationships. Chapter 4 describes
the instrumentation and methodology used to measure and study the snow properties.
Chapter 5 summarizes the conclusions and gives an outlook of the future work related to
the thesis. Furthermore, the answers to the research questions are presented, and some
problems encountered during the research are discussed. Part II of this thesis includes
my contributions to the research work presented in the appended publications. These
are two manuscripts that have been published to journals and the other two that have
been submitted for publication.
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Chapter 2

Snow Crystals and Snowflakes

“We are like a snowflake, all different in our own
beautiful way. We have unique beauty in our inner

and outer selves which isn’t always easy to see until
we take a closer look. The different journeys that we

take in life create our individuality.”
<Unknown>

Snow crystals are created from the freezing of supercooled cloud droplets7 or
ice particles inside a cloud formed at temperatures below 0 ◦C, and supersaturation89.
Snow crystals grow through different mechanisms described in Section 2.3. For instance,
when snow crystals grow by the aggregation process (see Section 2.3.3), the particles
formed are called snowflakes . When snowflakes form, they result in unique and beau-
tiful hexagonal structures.

As an annexe, the term supersaturation with respect to ice requires prior atten-
tion, as it is later mentioned several times. Figure 2.1 shows the supersaturation with
respect to ice of water-saturated clouds as a function of temperature. For example, if
a cloud is at water saturation at -15 ◦C, the supersaturation with respect to ice will be
15%. The water-saturation line gives the supersaturation level with respect to the ice
found in the cloud.

This chapter first describes the hexagonal geometry of snow crystals and snowflakes
and gives a historical review of their observation and study. Later, the chapter expands
on a review of the mechanisms that make snow crystals and snowflakes form and grow.

7Supercooled water droplets: Water droplets with a temperature below freezing, i.e. below 0 ◦C.
8Supersaturation: Driving force for all crystallization processes (Pastor et al. [2008]). In general,

supersaturation refers to a state that is above saturation. In this sense, supersaturation (or excess
of water vapour in the air) can be identified by having a relative humidity (ratio of water entering the
liquid or solid phase) of over 100%, that is, when there is an excess of water vapour (AMS [2020]).

9Saturation: Equilibrium situation in which the rates of condensation (phase transition from gas
to liquid state) and evaporation (transition from liquid to gas) are equal (Rogers and Yau [1989]).
Saturation with respect to ice is the equilibrium between deposition (phase transition from gas to
solid state) and sublimation (transition from solid to gas).

11
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Fig. 4.5. Supersaturation with respect to ice as a function of temperature for a water- 
saturated cloud. The shaded area represents a water-supersaturated cloud. 

monly known as the Bergeron-Findeisen mechanism. If a cloud is at water 
saturation at -1O"C, for example, the supersaturation with respect to ice 
will be 10%. As the ice crystals grow by vapor deposition, they deplete the 
vapor content, thereby driving the environment below water saturation. The 
cloud droplets will then evaporate, which helps sustain a vapor pressure 
difference between ice and water. By this process ice crystals are then said 
to grow at the expense of cloud droplets. This process has been described 
by Wegener (1911), Bergeron (1935), and Findeisen (1938). 

It should be noted that because the Bergeron-Findeisen process causes 
the evaporation of cloud droplets, it can also affect the contact nucleation 
process. Young (1974a, b) and Cotton et al. (1986) have pointed out that 
if the Bergeron-Findeisen process results in the partial evaporation of larger 
cloud droplets, phoretic scavenging of potential contact nuclei will be 
enhanced. Thus the Bergeron-Findeisen process and the contact nucleation 
process can form a positive-feedback loop. Vapor deposition growth of ice 
crystals lowers the saturation ratio below water saturation, causing droplet 
evaporation. This evaporation favors the phoretic-contact nucleation of the 
supercooled droplets that have not fully evaporated, that, in turn, grow as 
ice crystals, further lowering the saturation ratio below water saturation, 
and so on. This process is favored whenever the droplet spectrum is broad 
enough to allow the partial evaporation of the largest droplets. 

Figure 2.1: Supersaturation with respect to ice as a function of temperature for a liquid
water-saturated cloud, which is indicated as the black line. Figure from Cotton et al.
[2011].

Finally, this chapter describes the different conditions that make snowflakes result in a
large variety of different shapes.

2.1 Crystal Geometry

During crystallization, atoms and molecules merge at well-defined angles to form a char-
acteristic shape with smooth facets and surfaces, which is known as a crystal. As an air
parcel with water vapour cools, water droplets and ice particles form. The ice particles
start to grow in crystalline structures due to hydrogen bonding forces of attraction and
repulsion known as Van der Waals dispersion forces10. In ice crystals, the water
molecules initially arrange in hexagons structures.

The hexagonal structure is very common in nature because of its stability. For in-
stance, we can find it in crystals, honeycomb cells of the bees, sometimes clouds form in
a hexagonal shape (e.g. NASA [2017]), and even on other planets, such as the hexagon-
shaped storm over Saturn’s polar vortex (e.g. Fletcher et al. [2018]).

The hexagonal structure maximizes the attractive forces between the molecules while

10Van der Waals dispersion forces (or interactions): Certain type of attractive or repulsive
intermolecular forces, different from those that generate atomic bonds (ionic, metallic or covalent) or
the electrostatic attraction between ions and other molecules.
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minimizes the repulsive forces (UCAR [2004b]). Therefore, when water freezes, the forces
of interaction between water molecules win out over the forces derived from thermal move-
ment and form a rigid set in the most stable state (of lower energy) when arranged with
hexagonal symmetry.

The hexagonal symmetry of snow crystals has aroused scientific interest for a long
time. According to several historical references, (see e.g. Needham and Gwei-Djen [1961],
Pruppacher and Klett [1997], Wang [2002], Libbrecht [2015], Nakamura and Cartwright
[2016], Bourke [2017]), the first documented description of the hexagonal symmetry of
snow crystals was in 135 BC in China by scholar Han Ying (Ying [135 BC]).

In Europe, many centuries later the hexagonal structure of snow crystals started being
documented. The first European description was given in 1591 when English astronomer
and mathematician Thomas Harriot described the hexagonal shape of the snow crys-
tals. He was the first scientist to correctly identify the hexagonal shape (e.g. ECHO
[2015], Libbrecht [2015], Bourke [2017]). In 1607, Harriot developed an early version of
the atomic theory, which hypothesized that matter was composed of atoms. He also
developed “the modern mathematical study of spheres and their close packings” (see e.g.
C. Hales [1998, 2003]). In 1611, the German mathematician, astronomer, and physicist
Johannes Kepler adopted an atomistic approach to theorize and describe the origin of
the hexagonal symmetry of snow crystals in “Strena Seu De Nive Sexangula” (The Six-
Cornered Snowflake), which is considered to be the first work that analyses and describes
the structure of crystals (see e.g. Ball [2011], Nakamura and Cartwright [2016]). Kepler
contrasted the hexagonal symmetry of snowflakes with similar symmetries found in flow-
ers. To Kepler, it seemed that there was probably some kind of hexagonal grouping of
particles smaller than he was able to observe and could offer an explanation for the ad-
mirable geometry of snow crystals. Nonetheless, like other scientists in that time, Kepler
had no current knowledge of the atomic theory of matter, nor how matter is constituted.

Nowadays, using electron microscopes, that allows for the observation of very small
structure as snow crystals in impressive detail, we know more about matter. It is known
that a water molecule is made up of two hydrogen atoms and one oxygen atom (H–O–H),
forming an angle of 104.5◦. These water molecules are linked with intermolecular bonds
with their neighbours by the so-called hydrogen bridges (or bonds)11.

The crystal structure of snowflakes is formed by hydrogen bonds between neighbour-
ing water molecules. The two hydrogen ends of the water molecule are positively charged,
while the oxygen ends are negatively charged. When there are neighbour water molecules,
the force between the negatively charged and positively charged ends of these molecules
causes them to join together in hexagonal symmetry.Figure 2.2 shows an example of the
atomic structure of a snow crystal. In an individual water molecule, the electrical forces
between the hydrogen atoms and lone-pairs12 drive the water molecule into a hexagonal
ring, and slightly contribute to an increase in the opening angle of the water molecule to
106.6◦ (Nelson [2020]) as can be seen in Figure 2.2F at the centre.

11Hydrogen bridge (or bond): Interaction in which a hydrogen atom is attracted by two atoms,
not just by one, thus acting as a bridge between them (Desiraju [2002]).

12Lone-pair: Refers to a pair of electrons that are not shared with another atom.
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Figure 2.2: Atomic structure of a snow crystal. A) Snow crystal or snowflake with
stellar shape. B) An enlarged portion of the crystal’s surface (or edge) is represented by
red dashed lines. C) Top and front view (bottom). Small arrows representing the same
hydrogen atom in both views. Oxygen atoms are shown in black, hydrogen in red, and
lighter colours indicate further away. D) Individual water molecule, which contains one
oxygen and two hydrogen atoms. E) Electrical forces between the hydrogen atoms and
lone-pairs (dashed), F) The angle for a free molecule (i.e. not bound in ice or liquid)
equals 104.5◦ (top) and for ice 106.6◦ (middle). In ice, the angle appears about 120◦ in
the top view. Figure adapted from Nelson [2020].
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2.2 Crystal Formation

Snow crystals form and grow through different mechanisms, which are described in the
subsequent sections. Figure 2.3 shows a simplified diagram of the formation and growth
process of a snow crystal from a liquid cloud droplet. The process is described in several
steps: a) A microscopic particle in a cloud, for instance, a dust particle or pollen in the
sky. b) Water molecules condense (transition from the vapour phase to liquid) onto the
surface of the particle forming water droplets. c) Water droplets start to freeze, and
then form a prism with facets, i.e. a hexagonal shape. d) As snow crystals grow and
precipitate, they encounter an ever-changing temperature and relative humidity environ-
ment (Section 2.4). Depending on the relative humidity and temperature conditions,
branches can grow on the corners. e) The snow crystal can then be blown into a new set
of atmospheric conditions, which again favour plate or column or branch growth. f) The
conditions might favour the growth of new plates, the formation of arms or branches on
the new plates, and so on, resulting in a large variety of shapes, such as needles, stellar,
plates, and graupel.

2.2.1 Ice Nucleation

Snow crystals are formed by a mechanism called ice nucleation . It is a primary
process of ice crystal formation1314 and is thus the first stage of the crystallization
process. Snow crystals form by this mechanism essentially through one of two processes:
homogeneous and heterogeneous nucleation .

• Homogeneous nucleation:

This process refers to when the crystalline phase is initiated by nuclei15 of the same
composition, i.e. without the influence of foreign particles. Then, the homogeneous
nucleation process only involves the freezing of pure water or droplets. This process takes
place when an air parcel cools until temperatures reach below about -35 ◦C (e.g. KIT
[2020]) and generally occurs only in high clouds, for instance, cirrus clouds. Cirrus are
high-altitude (6–18 km; see e.g. Buthiran [2004]) clouds that occur in the troposphere16.

13Primary process of ice formation: Either homogeneous or heterogeneous nucleation of ice from
liquid or water vapour phases (Vali [1985]). There are also secondary processes of ice formation.

14Secondary process of ice formation: These occur when ice particles are created by processes
that require prior existence of some other thermodynamically stable ice particles (Vali [1985]). Some
examples of secondary processes are rime-splintering or Hallett–Mossop process (Hallett and
Mossop [1974], Mossop [1985]), collision fragmentation , droplet shattering , and sublimation
fragmentation (e.g. Field et al. [2017]).

15Ice nuclei: Also called ice nucleus particles (INP), are particles that act as nuclei for ice crystal
formation in the atmosphere, i.e. are particles on which ice crystal forms.

16Troposphere: The lowest layer of atmosphere extending from the surface to the tropopause at an
altitude of about 11 km. The upper limit of the troposphere is called the tropopause, which occurs at
about 6 km over the poles and at about 18 km above the equator. The troposphere contains clouds,
rain and snow. It consists of about 75% of all the atmospheric air, and almost all water vapour.
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Figure 2.3: Simplified diagram of the snow crystal formation and growth from a liquid
cloud droplet. The process is described in several steps (a–f). The arrows represent the
progression of the process. a) A microscopic particle in a cloud. b) Water condensation
onto the particle surface forming a droplet. c) Freezing of droplet and starting of crystal
growth. d) Branches grown on the corners. e) Favoured plate or facet growth. f) De-
pending on the ambient conditions (temperature and relative humidity), crystals acquire
a large variety of shapes. Different particles are shown from my work with D-ICI (see
Section 4.7.1) as examples.
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Cirrus can be formed from mixed-phase clouds17 that have undergone glaciation18

and can be observed in diverse sizes and shapes. Cirrus are generally composed of ice
crystals that originate from the freezing of supercooled water droplets in regions where
the air temperature is lower than -20 ◦C or -30 ◦C.

• Heterogeneous nucleation:

This process occurs when the crystals are developing on already existing freezing particle
nuclei with different compositions. The formation of crystals by heterogeneous nucleation
is possible at temperatures below 0 ◦C. There are different ice nucleation mechanisms
that explain the varied ways for ice formation. According to Vali [1985]’s definitions these
are deposition nucleation , which is the formation of snow crystals in a supersaturated
water vapour (with respect to ice) environment; freezing nucleation (homogeneous
or heterogeneous), which is the formation of snow crystals in a supercooled liquid
environment; condensation freezing occurs when a cloud condensation nucleus
(CCN)19 acts and triggers freezing of the condensate; contact freezing (or contact
nucleation) occurs when the supercooled droplets nucleate after the aerosol20 particles
come into contact with them, and immersion freezing occurs when a supercooled
droplet of water is nucleated by a nuclei suspended in the water body.

2.3 Crystal Growth

2.3.1 Vapour Deposition

Once snow crystals are nucleated, they can grow through vapour deposition if the
environment is supersaturated with respect to ice, i.e. when the water vapour pressure
in an environment is larger than the saturation water vapour pressure with respect to
ice. In the presence of cloud droplets, the water vapour pressure will eventually drop
below, but will remain close to water saturation. As the saturation vapour pressure is
lower with respect to ice than water, the environment may be supersaturated with re-
spect to ice by more than 10% (Cotton et al. [2011]). This leads to the rapid growth
of the ice crystals. This rapid growth followed by precipitation of the snow crystals is
the Wegener–Bergeron–Findeisen (WBF) process . The WBF process has been
described by Wegener [1911], Bergeron [1935], and Findeisen [1938] (see Findeisen et al.
[2015] for the edited translation of Findeisen [1938]). This process occurs in mixed-phase
clouds (ice and water) when snow crystals grow rapidly at the expense of supercooled

17Mixed-phase clouds: Clouds composed by supercooled liquid water droplets and ice crystals.
18Glaciation: In mixed-phase clouds, it refers to the transition in the cloud of supercooled water

droplets to ice crystals.
19Cloud condensation nuclei (CCNs): Small particles on which water vapour condenses (acti-

vates). These are hygroscopic aerosol particles, i.e. are able to absorb water from their surroundings.
20Aerosol: Atmospheric particles (solid particles or liquid droplets dispersed in air) that help initiate

the freezing process in cold water. Aerosols can be dust, fog, mist, pollen in the sky, sand, salt particles
generated by the spray of the sea, smoke, pollution particles from vehicles, etc.
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Figure 1.6: Different mode of ice formation in the atmosphere according to Vali (1985) (courtesy of Olaf
Stetzer).

ature, without further cooling. Condensation freezing could eventually happen if we consider a particle
within an air parcel that ascends and reaches a supersaturated region at temperatures below 0◦C. The last
heterogeneous freezing process is called contact freezing. It can be described as the collision between
a supercooled droplet with a particle, the latter reducing the energy barrier to form the critical ice germ
(see section 1.2.2). Contact freezing is still a freezing mode where little knowledge exist. It requires
more instrument development to advance our knowledge on this freezing process. Finally homogeneous
ice nucleation corresponds to freezing of supercooled water droplets or solutions without any insoluble
material. The theory behind homogeneous and heterogeneous ice nucleation processes is described in
sections 1.2.2 and 1.2.3.

1.2.2 Homogeneous ice nucleation: theory

Nucleation is a process that involves the formation of a new phase (e.g. solid phase) within the parent
phase (e.g. liquid phase). The new phase starts with a cluster of molecules of the new phase and agglom-
eration of other molecules will lead to a complete transformation of the parent phase into the new phase.
In classical nucleation theory (CNT), the change in the Gibbs free energy ∆G due to the formation of a
cluster of molecules is given by equation 1.1:

4

Figure 2.4: Different mechanisms of ice nucleation that can explain ice formation ac-
cording to Vali [1985]. These includes heterogeneous (deposition nucleation, immersion
freezing, freezing nucleation, condensation freezing, and contact freezing) and homoge-
neous nucleation. Figure from Chou [2011].

water droplets (Figure 2.6a). The WBF process is the main process that leads to rain.
These snow crystals can aggregate together to form snowflakes, and if the atmosphere
remains below freezing, they can reach the ground as snow. However, they may also melt
and form rain droplets on the surface. Figure 2.6b shows a schematic representation of
the WBF process.

The vapour deposition process is maximized at -15 ◦C, when the difference between
saturation vapour pressures of ice and water is the largest (Staudenmaier [1999]). Ice par-
ticles that have grown through water vapour deposition are called ice crystals or snow
crystals . Some examples of these snow crystals are shown in Figure 2.5a. During the
water vapour deposition process, crystals can precipitate out of the cloud if they become
large enough, and the crystal shape may be dramatically changed (see Section 2.4).
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Figure 2.5: Processes responsible for crystal growth: (a) vapour deposition, (b) riming,
and (c) aggregation. Six different particles are shown from my work with D-ICI (see
Section 4.7.1) as examples. A 1.0-mm scale bar is shown as reference. The arrows
represent the progression of the development of these processes. Figure adapted from
Cassano [2018].
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b)

a)

Figure 2.6: The Wegener–Bergeron–Findeisen (WBF) process. a) In mixed-phase clouds
(ice and water), ice crystals grow rapidly at the expense of supercooled water droplets
because the saturation vapour pressure is lower with respect to ice (blue) than water
(orange). b) Schematic representation where an ice crystal grows at the expense of
water. Figure adapted from Christopherson and Thomsen [2015], UCAR [2004a].

2.3.2 Riming

Riming occurs when snow crystals grow through collision by collection of supercooled
droplets, i.e. liquid water drops that stick to the crystal and freeze. Particles formed
through this process are called rimed crystals , and in the case of excessive riming,
graupel and hail (some examples are shown in Figure 2.5b). The riming process is
most efficient when crystals fall into layers of water droplets at temperatures between
0 ◦C to -10 ◦C (Staudenmaier [1999]).

2.3.3 Aggregation

Aggregation occurs when snow crystals grow through collision and adhesion (sticking)
with other snow crystals. Particles formed through this process are called snowflakes
(some examples are shown in Figure 2.5c). In the aggregation process, snow crystals
acquire different shapes depending on the ambient conditions in which they grow, such
as temperature and relative humidity (see Section 2.4).
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2.4 Crystal Habits

As mentioned earlier, the snow crystals and snowflakes can grow in a large variety of
crystal habits (or shapes) depending on the ambient conditions and other external
parameters. Then, ambient conditions, such as the temperature and humidity, contribute
significantly to the crystal habit.

The dependence of the snow crystal shape on temperature and relative humidity of the
environment in which the particle forms was discovered by Japanese physicist Ukichiro
Nakaya in the 1930s (Nakaya and Sekido [1936]). Nakaya performed experiments in
the laboratory to investigate under what conditions crystal habits grow. His results are
summarized in the so-called Nakaya diagram (see e.g. in Figure 2.7), which allows
reading the meteorological information from the snow crystal shape; that is, by observing
the snow crystal morphology on the ground, the history of the crystal temperature and
relative humidity can be inferred.

Nakaya observed for all temperatures that simple crystals emerged when humidity
was low, and their growth was slow. Higher humidity led to faster growth and more
complex structures. Likewise, small crystals tend to have simpler shapes, while larger
ones involve greater structural complexity (Nakaya and Sekido [1936]).

Figure 2.7 shows a snow crystal morphology diagram based on the Nakaya diagram,
which illustrates which snow crystal forms appear at different temperatures and super-
saturations with respect to ice (Figure 2.1). Figure 2.7a shows a table with the snow
crystal habits at different temperature ranges. Figure 2.7b shows an ice/snow crystal
morphology diagram describing crystal growth as a function of temperature and super-
saturation with respect to ice. The water saturation line indicates the excess vapour
pressure with respect to ice and gives the relative humidity level found in the ice cloud.

Different temperature ranges can be distinguished in the crystal habits shown in
Figure 2.7:

• Between 0 ◦C and -4 ◦C thin plates habit is most prevalent.

• Between -3 ◦C and -6 ◦C needles appear.

• Between -6 ◦C and -10 ◦C hollow columns appear.

• Between -10 ◦C and -12 ◦C and between -16 ◦C and -22 ◦C, solid plates, sector
plates, and broad-branch plates appear.

• Between -12 ◦C and -16 ◦C dendrites and most plates are most prevalent.

• Between -22 ◦C and -40 ◦C solid columns, hollow columns and bullet rosettes ap-
pear.

Figure 2.8 shows two cases for the formation of different single snow crystals from
a single frozen cloud droplet. A double dendrite (Case 1) and a spatial dendrite (Case
2). Examples of different snowflakes from my work with D-ICI (see Section 4.7.1) are
displayed.
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a)

b)

Figure 2.7: Ice/snow crystal morphology diagram. a) Table with the snow crystal habits
at different temperature ranges. An illustration of the crystal habit is shown. b) Ice/snow
crystal morphology diagram describing crystal growth as a function of temperature and
water vapour supersaturation with respect to ice. The water saturation line (orange)
indicates the excess vapour pressure respect to ice at water saturation, and gives the
relative humidity level found in the ice cloud. Figure adapted from UCAR [2004b].
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• Elongated shapes, such as needles are created when the crystals grow along their
central axes (c-axis) perpendicular to the hexagonal facets (basal facets) as is seen
in Figure 2.8, Case 1.

• Planar shapes (plates) are formed when the hexagonal crystal grows flat on the
rectangular facets (prism facets) as shows Figure 2.8, Case 2, left.

• Dendritic structures (such as stellar) are formed when the crystal grows by its
vertices creating branches as is shown in Figure 2.8, Case 2, right.

In addition to Nakaya (Nakaya and Sekido [1936]), other studies (see e.g. Magono
and Lee [1966], Pruppacher and Klett [1997], Bailey and Hallett [2009], Libbrecht [2012])
have presented ice/snow crystal morphology diagrams that describe the crystal habits
as a function of temperature and water vapour supersaturation with respect to ice. All
these studies are in agreement with the Nakaya diagram.

Laboratory experiments and observational studies have shown that ice crystal habits
are highly dependent on the temperature and the relative humidity in which crystals grow.
However, it has been demonstrated that crystal fall speed can also extend the needle
and dendrite growth habits into regions of subsaturation with respect to water (Hallett
[1984]). Figure 2.9 shows a snow crystal habit diagram as a function of temperature,
supersaturation with respect to ice, and fall speed of different crystals. For instance,
elongated crystal habits (ice needles and columns), and planar crystal habits (dendrites
and plates) have significantly different fall speeds, with elongated particles falling faster
than planar particles (see e.g. Staudenmaier [1999], Cotton et al. [2011]). As is seen in
Figure 2.9, most crystals grow under natural conditions, not far from the water saturation
line (see also Figure 2.7b or Figure 2.9), which in Figure 2.9 is represented as a diagonal
line.
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Figure 2.8: Formation of different single snow crystals. A) Schematic drawing indicat-
ing the formation of a double dendrite (Case 1) and a spatial dendrite (Case 2) from
a single frozen cloud droplet. B) Different representation indicating the formation of
different particles. In these cases, the crystal faces that have an enhanced growth rate
are shown in red arrows. C) Examples of different particles from my work with D-ICI
(see Section 4.7.1). Figure adapted from Pruppacher and Klett [1997] and REC [2017].
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Prediction of the vapor deposition growth of ice crystals is complicated 
by the fact that ice crystals exhibit differing habits or shapes depending 
upon the temperature and supersaturation (with respect to ice) of the 
environment. For example, the results of the laboratory experiments shown 
in Fig. 4.6 illustrate that the ice crystal habit can change from plates to 
needles or prisms to plates over less than 1°C (for the definition of the 
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Fig. 4.6. The shape of a crystal is related to environmental conditions in a complicated 
manner: temperature, supersaturation of the atmosphere with water vapor, and speed of falling 
all have an effect. Most crystals grow under natural conditions not far removed from the 
diagonal line representing water saturation. The dotted lines to the left of “dendrites” and 
“needles” show how the speed of falling extends the zones in which those elongated forms 
grow. [After Keller and Hallett (1982); figure from Hallett (1984).] 

Figure 2.9: Snow crystal habit diagram as a function of temperature, supersaturation,
and fall speed (Hallett [1984]). The water saturation is represented as a diagonal line.
The dashed lines to the left of dendrites and needle show how the speed of falling expands
the regions where the elongated form grows. Figure from Cotton et al. [2011].
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Chapter 3

Microphysical Properties

“El saber no ocupa lugar”
(Knowledge does not occupy any space).

<Arnoldo, El Sabio>

The corresponding publications to this chapter are Paper B (Vázquez-Mart́ın et al. [2020a]),

Paper C (Vázquez-Mart́ın et al. [2020b]), and Paper D (Vázquez-Mart́ın et al. [2021]) in Part II.

Good knowledge of the microphysical properties of snow crystals and other hydrome-
teors is required to assure accurate predictions of snowfall and cloud parameterizations in
climate and meteorological forecast models (e.g. Tao et al. [2003], Stoelinga et al. [2003]).
A better understanding of these properties, such as particle size, area, shape, fall speed,
and mass is required to improve the retrievals and simulations of snow precipitation.

This chapter gives a review of some of the most important microphysical properties
of snow crystals, such as particle shape, fall speed and mass. At the end of each section,
the work performed during this thesis is presented and discussed in the appended pub-
lications (Part II). Section 3.1, which is about particle shape, corresponds to Paper B.
Section 3.2 about particle fall speed and mass, corresponds to Papers C and D.

3.1 Shape of Snow Crystals

The particle shape (or habit), as has seen in Section 2.4, is an important snow microphys-
ical property. It is not only essential for investigating growth processes, it also affects the
radiative impact of clouds. Consequently, the particle shape influences the signal received
by remote sensing instruments21, such as radar (e.g. Sun et al. [2011], Matrosov et al.
[2012]) or passive microwave instruments that measure, for instance, microwave bright-

21Remote sensing instruments: Refers to instruments based on information acquired from a dis-
tance. There are two main types of remote sensing instruments: active and passive. Active instru-
ments (e.g. laser, lidar, radar) provide their own energy source to illuminate the objects they observe.
They operate in the microwave portion of the electromagnetic spectrum. The radiation that is reflected
or backscattered (i.e. reflection is back to the original direction) from the target is detected and measured
by the instrument. Passive instruments (e.g. radiometers and spectrometers) can detect natural energy
(radiation) emitted or reflected by the observed object. They operate in the visible, IR, thermal-IR, and
microwave portions of the electromagnetic spectrum. The most common source of radiation measured
by passive instruments is the reflected sunlight (NASA [2020])
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ness temperatures22 (Kneifel et al. [2010]). Furthermore, particle shape is essential
for remote sensing retrievals of cloud properties (see, e.g. Yang et al. [2008], Baum et al.
[2011], Xie et al. [2011], Loeb et al. [2018]) and snow albedo (e.g. Jin et al. [2008]).
Particle shape has a strong dependency on the local conditions where the crystal grows,
such as the temperature and the relative humidity resulting in a large variety of shapes
(Section 2.4). These shapes and their classification are also required for the accuracy in
cloud parameterizations in climate and forecast models (e.g. Stoelinga et al. [2003], Tao
et al. [2003]), and for the understanding of precipitation in cold climates.

3.1.1 Scientific History of Particle Shape

The first European description of snow crystals habits (shapes) was made in 1260 by the
German Catholic Dominican philosopher, scientist, theologian, and bishop Albertus Mag-
nus who postulated that snow crystals have dendritic shape (Nakamura and Cartwright
[2016]).

In 1555, Swedish bishop and writer Olaus Magnus (Magnus [1555]) described snowflakes
by many different shapes adding illustrations of snowflakes shapes that include real and
unreal shapes as shown in Figure 3.1a). In 1611, as was previously mentioned in Sec-
tion 2.1, Johannes Kepler described the structure of the snow crystal hexagonal sym-
metry. In 1637, the pioneer naked-eye observations of snow crystals were recorded and
published in “Discours de la Méthode” (Descartes [1637]) by the French philosopher,
mathematician, and physicist René Descartes (see Figure 3.1b). In his study, capped
columns were recognized as a snow crystal type (Ford [2014], Libbrecht [2015], Naka-
mura and Cartwright [2016]) in addition to some accurate descriptions of snowflakes
with six branches.

It is not until the 1660s that observations of snow crystals begin to be made with
the aid of optical instruments. In 1660, Danish doctor in medicine, anatomist, physicist,
mathematician, and theologian Thomas Bartholin, with the aid of his brother Erasmus
(or Rasmus) Bartholin23, merged snow crystals as assemblages of microscopic spheres
in a model as Kepler had suggested (Bartholin [1660]). Thomas Bartholin created images
with a low-power microscope by hand-drawing the snow crystals as shown in Figure 3.1c).
These were the first records of snow crystals derived from a magnified view.

3.1.2 Pre-photography Observations

For centuries, humankind has observed snow particles in an effort to understand them.
In 1665, the first detailed study of snow crystals with a microscope was provided by the
English physicist, chemist, philosopher, architect, and inventor Robert Hooke (Hooke
[1665], see Figure 3.1d). In 1675, the first meteorological observations of snow crys-
tals were conducted by the German physicist, naturalist and Arctic explorer Friedrich

22Microwave brightness temperature: Measurement of the microwave radiation that is expressed
in units of the temperature of an equivalent black body.

23Erasmus (or Rasmus) Bartholin: Scientist and doctor in medicine that discovered the double
refraction of light through a crystal (Bartholin [1670], Kristjansson [2012]).
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Martens. Martens classified snow crystals into 24 types (see e.g. Hobbs [1974], Ford
[2014]). In 1681, snow crystals were divided into morphological categories for the first
time by Italian priest, philosopher, and mathematician Donato Rossetti (Rossetti [1681]).
He categorized 30 types of snow crystals as shown in Figure 3.1f).

In 1820, the first drawings that accurately represented the features of snow crystal
shapes were made by the English explorer, scientist, and clergyman William Scoresby
(see, e.g. Scoresby [1820], Nakamura and Cartwright [2017a]). Scoresby meticulously
measured and drew the symmetry and patterns of more than 90 individual snow crystals.
Some of his drawings are shown in Figure 3.1e). Between 1832 and 1840, the Samurai
Lord Doi Toshitsura described the formation of snow crystals in a cloud and privately
published 97 detailed shapes of natural snow crystals with the aid of a microscope (see,
e.g. Doi [1832], Nakamura and Cartwright [2017b]). In 1855, through observations with
a microscope, the English meteorologist James Whitbread Lee Glaisher and his wife Ce-
cilia Louisa Glaisher, published a collection of more than 85 detailed sketches of natural
snow crystals (see, e.g. Glaisher [1855, 1857]). In 1863, more observations with the aid
of a microscope allow the American minister, editor, and author Israel Perkins Warren
to publish a new classification of snow crystals including drawings of 96 different shapes
(Perkins [1863]). Some of his drawings are shown in Figure 3.1g).

Figure 3.1: Drawings of snowflakes from Magnus [1555] (a), Descartes [1637] (b),
Bartholin [1660] (c), Hooke [1665] (d), Scoresby [1820] (e), Rossetti [1681] (f), and
Perkins [1863] (g).
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3.1.3 Photography Observations and Experiments

The first attempts of snow crystal photography began in 1864 when American physicist
Frances E. Chickering published her studies of snow crystals formation, which were il-
lustrated in “Cloud Crystals; a Snow-Flake Album” by more than 30 sketches from the
microscope and photography (see, e.g. Chickering [1864], Ford [2014]). In 1885, Amer-
ican photographer Wilson Alwyn Bentley (known as “The Snowflake Man”) collected
more than 5,000 photographs of snowflakes using a microscope (Bentley and Humphereys
[1931]). Some of his photographs are shown in Figure 3.2a).

In the 1930s, Ukichiro Nakaya began the first laboratory investigation of snow crys-
tals (Section 2.4). Rather than the shape of snow crystals, Nakaya investigated their
nature, formation and growth in clouds. However, inspired by Bentley’s photographs,
Nakaya also micro-photographed snow particles with the aid of a microscope collecting
more than 3,000 samples. Some of them are shown in Figure 3.2b). In 1936, Nakaya
created artificial snowflakes in a laboratory, which classified into 26 shapes of natural
and artificial snow crystals. Nakaya observed that different shapes of crystals, such as
columns, needles, capped columns (Nakaya and Sekido [1936]) can be formed at different
temperatures and supersaturations. He collected his studies in a snow crystal morphol-
ogy diagram (“Nakaya Diagram”, see Figure 2.7 in Section 2.4). From his diagram it is
possible to approximate the atmospheric conditions where snow crystals formed (Bender
[1962], Libbrecht [2001, 2005]). Nakaya and his team observed a large variety of shapes
at different temperature and humidity ranges. With this, Nakaya discovered that the
temperature and humidity influence the growth of ice crystals and their shape (see, e.g.
Nakaya and Sekido [1936], Nakaya [1951a,b], J. aufm Kampe et al. [1951], Barrett et al.
[2012], Libbrecht [2012], Schleef et al. [2014], Demange et al. [2016]).

3.1.4 Shape Classification

In 1951, the International Commission of Snow and Ice (ICSI) and the International
Association of Cryospheric Sciences24 (IACS) presented a simple and effortless clas-
sification of snow crystals composed by ten main shapes of snow on the ground: plates,
stellar crystals, columns, needles, spatial dendrites, capped columns, irregular particles,
graupel, ice pellets, and hail (Figure 3.3; see e.g. IHD [1970], Fierz et al. [2009]). In 1954,
Nakaya classified falling natural and artificial snow crystals into 41 different shapes as
shown in Figure 3.4 (Nakaya [1954]). In 1966, meteorologists Choji Magono and Chung
Woo Lee presented an extension of Nakaya’s classification composed by 80 shapes of
natural snow crystals and other precipitation particles as shown in Figure 3.5 (Magono
and Lee [1966]).

In 2005, American Professor Kenneth G. Libbrecht started to investigate the structure
of the snowflakes. Similar to Nakaya, he also observed the impact of the temperature
on the formation of snowflakes (Libbrecht [2001, 2005]). Libbrecht published more than
10,000 photographs of snowflakes using a snowflake photomicroscope specially designed

24Cryospheric Science: The study of snow, ice and permafrost, totally on Earth surface, and also
on other planets and moons. (Nature [2021]).
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Figure 3.2: Photographs of snowflakes from Bentley and Humphereys [1931] (a), Nakaya
and Sekido [1936] (b), Libbrecht [2001] (c).

for this purpose (see, e.g. Libbrecht [2006, 2012, 2015]). Figure 3.2c) shows six samples of
his photographs. Libbrecht found new different shapes of snowflakes, such as ‘triangular
form’ and ‘arrowhead twins’ (Figure 3.6). In 2013, Prof. Katsuhiro Kikuchi and other
scientists from Japan (Kikuchi et al. [2013]), presented an extensive revision of Magono’s
classification of natural snow crystals and other precipitation particles into 121 shapes
(Figure 3.7). The particles were taken directly using microscopic photography (see, e.g.
Kikuchi [1970a,b]).

3.1.5 Shape Classification Methods

For decades, the classification of snow crystals has been done manually, which is time-
consuming. The most profitable method for ice crystal shape classification would be to do
it autonomously by, for instance, using Machine Learning (ML)25. Image processing
has been carried out for automatic snow crystal classification for some generic snowflake
shapes such as hexagonal crystals and graupel (see, e.g. Shiina and Muramoto [2002],
Kubo et al. [2009], Nurzynska et al. [2010, 2011, 2013], Grazioli et al. [2014], Praz et al.
[2017]), and also defining typical geometrical patterns, such as a rectangular profile for
columnar crystals, hexagonal profile for planar crystals, and spherical or conical profile
for graupel (see, e.g. Praz et al. [2017]). Generally, the larger the sample, the more

25Machine Learning (ML): Data analysis method and a branch of artificial intelligence (AI). ML
automates the analytical model building and allows the system to recognize patterns and make decisions
with minimal human intervention (SAS [2019]).
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Figure 3.3: The International Commission of Snow and Ice (ICSI) and the International
Association of Cryospheric Sciences (IACS) Abstract of the International Classification
for Snow: Characterizes snowflakes into 10 basic shapes (IHD [1970], Fierz et al. [2009]).

useful a ML model or classifier will be. We adjudged that we need at least 100 samples
of each particle shape to provide useful statistics or to train the model. Figueroa et al.
[2012] deemed that for their study, between 80 to 560 annotated samples were required
for representative statistics depending on the dataset.

However, it is not easy to collect more than 80 samples of each particle shape such as
those classified by, for example, Kikuchi et al. [2013]. On the other hand, if we gather the
individual shapes into groups with similar characteristics, finding more than 80 samples
from each of these shape groups is surmountable.

Nowadays there are scarce automatic ice crystal classification models that consider
less different particle shapes or habits. For example, Xiao et al. [2019] and Wu et al. [2020]
classify ice crystals into 10 (budding rosettes, rosettes, complex with side planes, plates,
sector plates, long columns, short columns, hollow columns, spheroids, small irregulars)
and 9 (tiny, sphere, column, needle, hexagon, dendrite, aggregate, irregular), respectively,
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Figure 3.4: Ukichiro Nakaya added new shapes. Classification with 41 shapes of natural
and artificial snowflakes (Nakaya [1954]).

instead of 80 or 121 shapes as Magono and Kikuchi (Magono and Lee [1966], Kikuchi
et al. [2013]), using a multi-layer model based on Convolutional Neural Network
(CNN26; see Figure 3.8).

In both studies it has been found that after training the models, they accurate to 98%
with minor classification errors for some of the categories, such as hexagonal, dendrite
and aggregate shapes.

3.2 Fall Speed and Mass of Snow Crystals

3.2.1 General Background

The motion of hydrometeors when free-falling through the atmosphere is governed by an
equilibrium between two forces: gravity and aerodynamic drag. This force balance yields
Equation 3.1, which can be solved to determine fall speed (Equation 3.2)

m · g =
1

2
· ρa · v2 · A · CD, (3.1)

v =

(
2 ·m · g
ρa · A · CD

)1/2

, (3.2)

26Convolutional Neural Network (CNN): A Deep Learning (DL) algorithm which consists of the
extraction of features in images through convolutional layers.
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Figure 3.5: Choji Magono and Chung Woo Lee. Extension of Nakaya’s classification,
cataloguing natural snow crystals and other solid precipitation particles into 80 shapes
(Magono and Lee [1966]).

where m is the particle mass, g is the gravitational acceleration, ρa the air density, A the
projected area, CD the drag coefficient, and v the fall speed. Equation 3.2 depends on
CD, which might be difficult to characterize independently of fall speed v. Therefore, v
is often calculated using the Best (or Davies) number, X, which has no dependence on v
and the Reynolds number. Therefore

X = CD · Re2 =
2 ·m · g · ρa ·D2

max

A · η2 , (3.3)

where D is the maximum dimension of the particle mass, η the dynamic viscosity, and
Re is the Reynolds number defined as

Re =
v ·D
ν

=
v ·D · ρa

η
, (3.4)

where ν is the kinematic viscosity (ν = η
ρa

, where η is the dynamic viscosity). From
Equation 3.3, Re can be determined using a Re–X relationship, and consequently v can
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Figure 3.6: Kenneth G. Libbrecht studied the properties of ice crystals, particularly
the structure of snowflakes. For that, more than 10,000 photographs of snowflakes were
taken using a specially designed snowflake photomicroscope (Libbrecht [2006]).
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C1a C1b C1c C2a C2b C2c C3a C3b C3c

C3d C3e C4a C4b C4c C4d P1a P1b P1c

P2a P2b P3a P3b P3c P4a P4b P4c P4d

P4e P4f P4g P5a P5b P5c P5d P5e P5f

P6a P6b P6c P6d P7a P7b P8a P8b CP1a

CP1b CP1c CP2a CP2b CP2c CP2d CP3a CP3b CP3c

CP3d CP3e CP3f CP4a CP4b CP4c CP5a CP6a CP6b

CP6c CP6d CP6e CP6f CP6g CP6h CP7a CP7b CP7c

CP7d CP7e CP7f CP7g CP8a CP8b CP8c CP8d CP9a

CP9b CP9c CP9d CP9e A1a A2a A3a R1a R1b

R1c R1d R2a R2b R2c R2d R3a R3b R3c

R4a R4b R4c G1a G1b G2a G2b G2c G3a

G3b G4a G4b G4c I1a I2a I3a  H1a H1b

H1c H2a H3a H4a

Fig. 2. Schematic drawings of 121 types of snow crystals, ice crystals, and other solid precipitation.

466 K. Kikuchi et al. / Atmospheric Research 132–133 (2013) 460–472

Figure 3.7: Extension of Magono’s classification. Prof. Katsuhiro Kikuchi collected 121
shapes of snow crystals and other solid precipitation particles. The particles were taken
directly using a microscopic photography (Kikuchi et al. [2013]).
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In recent years, deep CNNs have been widely applied in the image field. For example, the AlexNet model
(Krizhevsky et al., 2012) achieves success in the ILSVRC 2012 (ImageNet Large‐Scale Visual Recognition
Challenge) by pretraining on the ImageNet database (Deng et al., 2009), which contains over 14 × 106 labeled
images. However, in the practical application process, it is relatively rare to have a data set of enough labeled
images to achieve highly accurate classification, which leads to very few people being able to train entire
CNN models from scratch. Besides, it is difficult to guarantee that the model we need is exactly the same
as the public pretrained model, and the parameters of the pretrained model indeed help to improve the accu-
racy of the training in the classification task. To classify ice crystal habits accurately, the most effective way is
to use the method of transfer learning, which means that the parameters of public pretrained CNN models
are adjusted according to the specific ice crystal habit classification task.

In this paper, the deep CNN models of AlexNet, VGGNet (VGG16,VGG19) (Simonyan & Zisserman, 2013),
ResNet (ResNet18, ResNet34, ResNet152) (He et al., 2016), SqueezeNet1.0 (Iandola et al., 2016), and
DenseNet (DenseNet169, DenseNet201) (Huang et al., 2017), which are pretrained based on ImageNet,
and the classic and commonly used models in visual classification, are transferred to the ice crystals images
database for training. Suitable CNN models of ice crystal habits classification are set up in this way.

4. Implementation Details

To estimate the classification accuracy of deep CNN models based on transfer learning, the ICDC is divided
into the training set and the test set with a ratio of 4:1. The data set is verified to make sure that there is no
image overlap between the training and test set. Before training, we followed these practices for each image
used in the ICDC: the original image is flipped horizontally, and random sampling of 224 × 224 is used, with
the per‐pixel mean subtracted (Krizhevsky et al., 2012). Moreover, we adjust the brightness of the images and
scale the images to make the experiment more precise. Before the activation process, we adopt batch normal-
ization (Ioffe & Szegedy, 2015). We use stochastic gradient descent with backpropagation (LeCun et al.,
1989), with a batch size of 4. To obtain a reasonable weight of the last convolutional layer, our experiments
used momentum parameters (Sutskever et al., 2013) with the decay of 0.9, and the learning rate of 0.001.
Here, the nine pretrained deep CNN models mentioned above (ResNet18, ResNet34, ResNet152, VGG16,
VGG19, SqueezeNet1.0, AlexNet, DenseNet169, and DenseNet201) are used for transfer learning. A pre-
trained mode is loaded, then the final fully connected layer of the model is reset as 10. Then, the model is
trained to 30 epochs. The learning rate is reduced to 0.1 times every seven epochs, and the accuracy rate
of test data is estimated after each training. Our experiments use the machine learning software package
Pytorch (Paszke et al., 2017), which runs on an NVIDIA GeForce GTX1080Ti with a batch size of 8. Next,
we report the results of training and testing from different models and select a model with the highest test
accuracy, then save the best model configuration and finally perform extensive evaluations on the test set
during the experiment.

5. Experimental Results and Analysis

To obtain an accurate model for ice crystal habit classification of ICDC, we compared the performance of the
nine models based on transfer learning (hereafter, TL‐ResNet18, TL‐ResNet34, TL‐ResNet152, TL‐VGG16,
TL‐VGG19, TL‐SqueezeNet1.0, TL‐AlexNet, TL‐DenseNet169, and TL‐DenseNet201). These models were
evaluated by using the accuracy and cross‐entropy loss values during the training and testing stages.

Figure 3. The framework of a deep Convolutional Neural Network.
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Figure 3.8: Framework of a deep Convolutional Neural Network (CNN). Figure adapted
from Xiao et al. [2019].

be calculated. The Re–X can be expressed both as a theoretical relationship or as a
power law.

Mitchell (Mitchell [1996]) found a theoretical relationship between Re and X from
the boundary layer theory of Abraham (Abraham [1970]), who considered a sphere and
its boundary layer moving through a non-viscous fluid as a new system. To describe the
flow of the body and its boundary layer, the drag coefficient CD is essential. From the
boundary layer theory of Tomotika [1935]

δ

r
=

δ0

Re1/2
, (3.5)

where δ is the boundary layer depth, r the radius of a sphere, δ0 is a unit-less constant,
and Re the Reynolds number. The drag coefficient CD can be expressed as

CD = C0 ·
(

1 +
δ0

Re1/2

)2

, (3.6)

where Abraham [1970] estimated C0 =0.292 and δ0 =9.06 for rigid spheres. Rewriting
Equation 3.3, Re and X can be expressed as a function of CD as follows

Re = C
−1/2
D ·X1/2. (3.7)

Therefore, Abraham’s equation (3.6) serves as a basis to determine fall speed of spherical
particles. From Equation 3.7, Mitchell (Mitchell [1996]) found the theoretical relationship
between Re and X, with general expression

Re =
δ20
4
·



(

1 +
4 ·X1/2

δ20 · C1/2
0

)1/2

− 1




2

, (3.8)

where δ0 and C0 are unit-less constants. Böhm (Böhm [1989]) estimated δ0 =5.83 and
C0 =0.6. Mitchell adapted Böhm’s Re–X relationship to a power law with general form

Re = a ·Xb. (3.9)
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Replacing Re and X in Equation 3.9, v can be determined as

v =
a · η
D · ρa

·
(

2 ·m · ρa ·D2 · g
η2 · A

)b
. (3.10)

In order to predict the fall speed, Mitchell defined four Re–X power-law fits with different
X ranges (Mitchell [1996])

Re(X) = 0.04394 ·X0.970, 0.01 < X 6 10.0 (3.11)

Re(X) = 0.06049 ·X0.831, 10.0 < X 6 585 (3.12)

Re(X) = 0.2072 ·X0.638, 585 < X 6 1.56× 105 (3.13)

Re(X) = 1.0865 ·X0.499, 1.56× 105 < X 6 108. (3.14)

The combination of these four Re–X equations with Equation 3.10, can be considered
as a general power law for fall speed, which is valid over X ranges. From this ap-
proach, Mitchell parametrized masses and areas of snow particles using mass and area-
dimensional power laws

m = α ·Dβ, (3.15)

A = γ ·Dσ, (3.16)

where α, γ are the coefficients, and β, σ are the exponents. Replacing Equations 3.15
and 3.16 into 3.10, the fall speed relationship can be parametrized as

v =
a · η
ρa
·
(

2 · α · g · ρa
η2 · γ

)b
·Db·(β+2−σ)−1. (3.17)

Mitchell solved the coefficients and exponents to mass- and area-dimensional power laws,
given by Equations 3.15–3.16, for different snow particles (see Figure 3.9). From Equa-
tion 3.17 it can be easily seen the dependence of the ice particle fall speed v on its
projected area and mass, which are determined by Equations 3.15–3.16. Apart from
Mitchell’s power laws (see Figure 3.9), the A–D, m–D, and v–m relationships from Lo-
catelli and Hobbs [1974], Heymsfield and Kajikawa [1987] are commonly used in other
studies (see Figures 3.10–3.11, respectively).
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Mitchell, 1996

Figure 3.9: The table shows the coefficients and exponents to relationships between
maximum dimension D, area A, and mass m for different solid precipitation particles
given by Mitchell [1996] different solid precipitation particles. The relationships corre-
spond to power laws 3.15 and 3.16. Figure shows v vs D relationships for columns, plates
and plane dendrites.
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Locatelli, 1974

Figure 3.10: The table shows the power laws given by Locatelli and Hobbs [1974].
Derived relationships between maximum dimension (diameter) D, fall speed V , and
mass M are shown for different solid precipitation particles. The figure shows the fall
speeds vs diameter for graupel-like snow of lump type (circles) and graupel-like snow of
hexagonal type (hexagons), the power laws of which are shown in the table.
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Heymsfield, 1987

Figure 3.11: The table shows the power laws given by Heymsfield and Kajikawa [1987].
Derived relationships between maximum dimension (diameter) D, fall speed V , and mass
m are shown for different solid precipitation particles.
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3.2.2 Fall Speed

Another important parameter is the fall speed (or fall velocity), which for example, is
essential for the representation of ice clouds and snow in climate and forecast models,
and also for snowfall predictions.

The fall speed of solid hydrometeors was earlier investigated through observations by
Nakaya (Nakaya and Terada [1935]), whereas Magono (Magono [1953, 1954]) was the
first to attempt an investigation of the fall speed using shape, size, and density of snow
crystals, but due to the lack of simultaneous density measurements his work was not
sufficient. Fujiwara (Fujiwara [1957]) and Magono (Magono and Nakamura [1965]) ex-
pressed fall speed as an experimental equation that links the density and the size of the
snow crystal, however, as in other previous studies (e.g. Rogers and Yau [1989], Prup-
pacher and Klett [1997]), parameterizations of the fall speed have been mostly expressed
empirically and their dependence on the particle size and its density, in addition to the
atmospheric parameters, such as temperature, and pressure were often uncertain.

Kajikawa (Kajikawa [1972]) observed and computed fall speeds with the drag coeffi-
cient (CD) determined by a model experiment. He found a relationship between the fall
speed and the size, especially for smaller particles, whereas Beard (Beard [1980]) found
a relationship between the Reynolds number (Re) and the Best or Davies number (X)
for raindrops. Although this Re–X relationship has served as a reference for further fall
speed studies, Böhm (Böhm [1989, 1992]) extended this approach to be applicable to
both raindrops and snow crystals. He was the first to express the fall speed of many ice
particles in terms of different parameters, for instance, cross-sectional, and particle mass.
However, the Re–X and fall speed relationships were not defined as a power-law form.

Mitchell (Mitchell [1996]) expressed the Re–X relationship as a power law with gen-
eral form Re = a · Xb, where a and b are constants. Furthermore, Mitchell defined the
fall speed of hydrometeors for different ranges of X, and investigated the particle mass vs
size and area vs particle size relationships for different types of crystals. This approach
has also been transformed into different power laws, for instance, v = a ·Db, where v is
the fall velocity, D is the diameter (or maximum dimension) of the particle, and a and
b are constants. This power law has been used in further studies (see e.g. Locatelli and
Hobbs [1974], Heymsfield and Kajikawa [1987], Heymsfield and Iaquinta [2000], Mitchell
and Heymsfield [2005], Yuter et al. [2006], Brandes et al. [2008], Zawadzki et al. [2010],
Lee et al. [2015], Kuhn and Vázquez-Mart́ın [2020], Vázquez-Mart́ın et al. [2020b]) and
is often adopted because it helps analytical solutions in models, for instance, for calcula-
tions of Doppler spectra27 (Atlas et al. [1973]).

In other studies, this power law has been transformed into relationships between the
area (A) of the snow particles and their maximum dimension (D), for instance, A = a·Db

(see e.g. Kuhn and Gultepe [2016], Erfani and Mitchell [2017], Kuhn and Vázquez-Mart́ın
[2020], Vázquez-Mart́ın et al. [2020a,b], and even into relationships between the area-ratio
(Ar) of the snow particle and their maximum dimension (D), for instance, Ar = a·Db (see,

27Doppler spectra: In radar, it is defined as the power spectrum of a signal and is expressed as a
function of Doppler frequency or Doppler velocity AMS [2020].
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e.g. Souverijns et al. [2017]). In a few studies, different functions are used to parametrize
relationships. Barthazy (Barthazy and Schefold [2006]) showed that the size dependence
of fall speed could also be described using an exponential function with form v = a ·Db

where D is the particle diameter, and a and b are fit parameters.

3.2.3 Mass

Ice mass as a function of particle size can be used to describe the ice particle habit or
shape. In general, assumptions on particle mass are necessary for global climate models
and remote sensing retrievals. Some of these assumptions include the distribution of ice
particle mass values using, for instance, particle mass vs particle size (m–D) relationships
as well as others.

The mass, in addition to the particle number concentration, is used to derive ice wa-
ter content (IWC)28, which is used to describe ice clouds and significantly contributes
to the radiative budget in the atmospheric models (Waliser et al. [2009], Thornberry
et al. [2017]). To represent the variation of particle mass as a function of particle size, a
power law with general form m = α ·Dβ is commonly adopted, where α is the coefficient,
and β is the exponent. This power law has been widely used, for instance, in retrievals
of IWC and radar reflectivity calculations using remote sensing instrumentation (see e.g.
Matrosov and Heymsfield [2008], Deng et al. [2010], Mascio et al. [2017]). Furthermore,
mass- and area-dimensional power laws (m–D and A–D, respectively) are commonly
used to determine the fall speed of ice crystals (Mitchell [1996]). In other numerous
studies, for example, Zikmunda and Vali [1972], Locatelli and Hobbs [1974], Heymsfield
and Kajikawa [1987], Kajikawa [1989], Matrosov [2007], Szyrmer and Zawadzki [2010a],
Erfani and Mitchell [2017], Ham et al. [2017], this power law is adopted to determine fall
speed vs mass relationships, using a power law with the general form v = a ·mb.

The particle mass can be derived from the relationships between fall speed v, particle
size D, and area A, in addition to relationships between the Reynolds Re number the
Best number X. Therefore, the fall speed, as a function of the particle mass can be
determined by using parametrized Re–X relationships.

As mentioned in Section 3.2, Böhm (Böhm [1989, 1992]) extended Re–X relationships
from Beard (Beard [1980]) to express the fall speed of many ice particles in terms of dif-
ferent parameters, such as particle mass, cross-sectional area, and porosity. Whereas
Mitchell (Mitchell [1996]) was the first to express these Re–X relationships in a power-
law form (Equation 3.9). Mitchell defined the fall speed of many ice crystal types for
different ranges of X, and investigated their m–D and A–D relationships. Fall speeds
are expressed as a function of the particle maximum dimension, cross-sectional area and
mass (Mitchell [1996]). In other studies, the particle masses can be estimated from
the observed fall speeds (Locatelli and Hobbs [1974], Hanesch [1999], Heymsfield and
Westbrook [2010], Szyrmer and Zawadzki [2010a]), and consequently, the fall speed and
mass relationships (v–m) can be parametrized and expressed as an empirical power-law
function with the general form v = a ·mb (see e.g. Szyrmer and Zawadzki [2010b, 2014]).

28Ice water content (IWC): Defined as cloud ice mass in the unit volume of air.
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3.2.4 Orientation

The orientation of a snow particle, together with its size, and its habit or shape, is also
important for remote sensing applications and the radiative or scattering properties of
snow. The particle orientation significantly affects the radar reflectivity for microwave
radiation (see e.g. Sun et al. [2011], Gergely and Garrett [2016]) and strongly modulates
the retrieved microwave brightness temperature (Xie and Miao [2011], Xie et al. [2015]).
As orientation determines the particle’s horizontal cross-sectional area and influences
particle drag, it also influences particle fall speed. Furthermore, the local aerodynamic
conditions (Pruppacher and Klett [1997]) affect the particle orientation.

There are some studies where the effects of orientation on the particle fall speed
have been investigated (see e.g. Kajikawa [1971], Xie et al. [2012], Garrett et al. [2015],
Jiang et al. [2019]). Kajikawa (Kajikawa [1971]) studied the fall speed of ice crystals by
computing the drag coefficient and the Reynolds number. He defined several equations
to determine the drag coefficient CD considering the orientation when a particle falls
through a viscous fluid. For instance, for a circular cylinder falling with round-wise
orientation, from the fall speed equation

π ·
(
d

2

)2

· l · (σ − ρ) · g =
1

2
· CD · ρ · v2 · d · l, (3.18)

CD is calculated as

CD =
π

2
· d
v2
· σ − ρ

ρ
· g, (3.19)

where l is the particle length with parameter of diameters d, v is the fall speed, σ the
density of a circular cylinder, ρ the density of the viscous fluid, and g the gravitational ac-
celeration; whereas for a circular disk falling with a flat-wise orientation, CD is calculated
from the fall speed equation

π ·
(
d

2

)2

· t · (σ − ρ) · g =
1

2
· CD · ρ · v2 · ·π ·

(
d

2

)2

, (3.20)

which yields to

CD =
2 · t
v2
· (σ − ρ)

ρ
· g, (3.21)

where the equations are the same as for circular cylinders with the exception of the
thickness of the circular disk t. Figure 3.12 shows some of Kajikawa’s results.

Garrett (Garrett et al. [2015]) studied the orientations and aspect ratios of falling
snow particles. It has been found that the aspect ratio has a noticeable dependence on
the riming degree of the particles, whereas for the orientation, the dependence on the
riming degree and particle size is negligible. Garrett observed that for particles with an
aspect ratio As =1, the median orientation of the particles is 0◦, i.e. horizontal, while
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Fig. 6. Terminal velocity *s length (l) with 

      parameter of diameters (d) for long 
      cylinders in 75% glycerine solution.

Fig. 8. Drag coefficient (Cd) as a function of 
      Reynolds number (Re) for falling cyl-

       inders with roundwise orientation.

Fig. 7. Terminal velocity vs length with 

       parameter of diameters for short cyl-
       inders.

show the terminal velocities of models which were 
falling with roundwise orientation and the solid 
lines show these of models with flatwise orienta-
tion. It can be seen from the figure that the 
velocity of the latter is larger than the former 
about 30%, as observed by Heiss and Coull 

(1952). 
 For a circular cylinder falling with roundwise 

orientation through a viscous fluid, drag coefficient 

(Cd) is calculated from the following equation 
utilizing the falling velocity.

where * is the velocity, * the density of circular 

cylinder, * the density of viscous fluid and * the 

gravitational acceleration.

Fig. 9. Cd as a function of Re for falling 

      cylinders with roundwise orientation.

 Thus, computed Cd as a function of Re with 

parameters of l/d ratios of circular cylinder are 
shown in Fig. 8, which is related to of the falling 
of ice crystals, and Fig. 9 related to the falling 
of snow crystals. The result of theoretical calcula-
tions for infinite long cylinders by Lamb (1945) 
and the experimental result by wieselsberger 

(1922) and Finn (1953) are shown by dotted and 
broken lines in the figure. It may be seen in 
the figure that the reslut of the present measure-
ment roughly agreed with the values of the 
infinite long cylinder near Re of 102, however 
the difference of Cd of the present measurement 
over the infinite long cylinder considerably 
increased with the decreasing of Re for various 

l/d ratios.
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Fig. 10. Re vs CdRe2 for circular cylinders with 

       roundwise and flatwise orientaions.

Fig. 12. Terminal velocity *s thickness (t) with 

       parameter of diameters (d) for circular 
       disks.

in the figure show the value of the velocity of 
disks with flatwise and edgewise orientation, 
respectively. It may be seen that the velocities 
of the edgewise fall are clearly larger than those 
of the flatwise fall as reported by Heiss and 
Coull (1952). 

 For a circular disk falling with flagtwise orienta-
tion through a viscous fluid, Cd is calculated 
from the equation:

Fig. 11. Re vs CdRe2 for circular cylinders with 

        roundwise orientation.

 In order to compute the falling velocity of ice 
crystals, it is convenient to use CdRe2--Re 
diagrams as shown by Cornford (1965). 

 Therefore, CdRe2- Re diagram was prepared 
as shown by solid lines in Figs. 10 and 11, for 
smaller Re region related to ice crystals and 

greater region related to snow crystals, respectively. 
These lines for l/d ratio all agree to the values 
of Jayaweera and Cottis (1969) in Re region 
larger than 10-1. The broken lines in Fig. 10 are 
the case in which each cylinders were falling with 
flatwise orientation, and this motion may be stable 
only in Re smallerr than about 0.1 for the case 
of l/d ratio 1. 

  3.2. Drag coefficient of circular disks 

 A result of measurement of terminal velocities 
for circular disks, which was obtained by the 
similar way for circular cylinder models, is shown 
in Fig. 12. The broken lines and the solid lines

where the notations are the same as in equation 
for circular cylinder except t: the thickness of 
circular disk. 

 Thus computed Cd as a function of Re with 
various t/d ratios of circular disks are shown 
with parameter of t/d in Figs. 13 and 14, where 
a dotted line show the result of theoretical 
calculations by Oseen (Wien and Harms, 1932) 
and a broken line the experimental results by 
Schmiedel (1928) and Willmarth et al. (1964), 
for very thin circular disks. It can be seen 
that the differences of Cd between the values 
of present measurement and those by Ossen, 
Schmiedel and Willmarth et al. in concerning 
with t/d ratio are not so large. In the case of 
0.1 and 0.05 in t/d ratio, Cd agreed with the 
values of the very thin circular disks obtained by 
Oseen, Schmiedel and Willmarth et al.. 

 For the computation of falling velocity of 

plane crystals, CdRe2- Re diagram was prepared

Figure 3.12: Fall speed vs diameter of two type of particles when falling through a viscous
fluid with different orientations. Left: The fall speed v vs the length l with parameter
of diameters d for short cylinders falling with round- and flat-wise orientations. Right:
The fall speed v vs the thickness t with parameter of diameters d for circular disks falling
with round- and flat-wise orientations. Figure adapted from Kajikawa [1971].

particles with higher aspect ratios, for instance, aggregates, have a slightly wider range
of median orientations. For graupel and rimed particles, 35◦; and for aggregates, 39◦.
Garrett found that their respective modes in the distributions were 20◦, 16◦, and 13◦,
consequently, horizontal orientation. From earlier studies (List and Schemenauer [1971],
Klett [1995]), one might expect to have orientation angles of approximately 10◦. Garrett
speculated that the environmental turbulence might be the reason for the broad range
of orientation angles. For low turbulence conditions the mode and the median values of
the orientation were 13◦ and 28◦, respectively, whereas for higher turbulence conditions
the particle orientation spread increased and the orientation angles were higher, 23◦ and
40◦, respectively (Figure 3.13). The concluding remarks indicated that orientation does
not have a strong dependence on the particle size (Garrett et al. [2015]).

3.3 Thesis Work

3.3.1 Shape Classification

In this thesis an attempt to automatically classify snow crystals was made. However,
due to the complexity of the images, automatisation of the classification was challenging
and in particular, the smoothing parameters29 (e.g. Aydin et al. [2013]) need to be
further optimized. We concluded that initial results were promising but that more trials

29Smoothing parameters (or penalty parameters): These parameters control the smoothness
of the fitted curve. In Aydin et al. [2013]’s work, these parameters are defined as “parameters to control
the trade off between fidelity to the data and smoothness: too low values of smoothing parameter over-fit
the data, whereas too high values over-smooth.”
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Figure 1. Normalized distributions of (a) particle maximum dimension Dmax, (b) fall speed V , (c) orientation of the
maximum dimension with respect to the horizontal 𝜃, and (d) particle aspect ratio 𝛼 defined as the ratio of the length of
the minimum axis to the maximum axis. Particle types shown are aggregates (black), rimed particles (red), and graupel
(blue). The value 𝜆 represents the slope of the exponential tail of the size distribution. All values represent an average
over three multiangle camera views.

values of approximately 10∘ are what might be anticipated from prior studies [List and Schemenauer, 1971;
Klett, 1995]. Here there is a weak dependence of orientation on degree of riming and a broad range of possible
orientation angles.

As with the observations for fall speed described in Garrett and Yuter [2014], the reason for the broad spread of
orientation values appears to be related to environmental turbulence. No direct measurement of turbulence

Figure 2. Orientation of frozen hydrometeors for low turbulence
(black), medium turbulence (red), and high turbulence (blue).

was obtained during the field experiment; we
were, however, able to infer an approximate
measure from wind measurements obtained
near the MASC at Alta Base. The maximum
wind speed was determined from every 3 s of
measurements; the average wind speed was
recorded at 5 min intervals at Alta Base; gusts
represent the highest 3 s values within each
5 min interval. From Schreur and Geertsema
[2008], turbulence values are roughly propor-
tional to E = (Gusts − Average Wind)2∕2. Tur-
bulence levels were characterized as low or high
based on the upper and lower quartiles in mea-
sured distributions of E. Medium turbulence rep-
resented the middle two quartiles.

Figure 2 indicates that turbulence broadens
the orientation distributions. For low turbulence
conditions with E < 0.4 m2 s−2, the mode and
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orientation values appears to be related to environmental turbulence. No direct measurement of turbulence

Figure 2. Orientation of frozen hydrometeors for low turbulence
(black), medium turbulence (red), and high turbulence (blue).

was obtained during the field experiment; we
were, however, able to infer an approximate
measure from wind measurements obtained
near the MASC at Alta Base. The maximum
wind speed was determined from every 3 s of
measurements; the average wind speed was
recorded at 5 min intervals at Alta Base; gusts
represent the highest 3 s values within each
5 min interval. From Schreur and Geertsema
[2008], turbulence values are roughly propor-
tional to E = (Gusts − Average Wind
bulence levels were characterized as low or high
based on the upper and lower quartiles in mea-
sured distributions of E. Medium turbulence rep-
resented the middle two quartiles.

Figure 2 indicates that turbulence broadens
the orientation distributions. For low turbulence
conditions with E < 0.4

GARRETT ET AL. ORIENTATIONS OF SNOW

Figure 3.13: Orientation angles for different type of snow particles: aggregates (black),
rimed (red), and graupel (blue). Left: Normalized distributions of the maximum di-
mension orientation with respect to the horizontal angle. Right: Orientation of frozen
particles for different turbulence conditions: low (black), medium (red), and high (blue).
Figure adapted from Garrett et al. [2015].

were needed to achieve a sufficiently accurate classification. No confident results can be
shown so far, but part of these preliminary results are shown in Section 5.1 as planned
future work. An alternative method for classification of snow crystals, for both manual
and automatic use, is presented in this thesis. As has been discussed earlier, simplifying
the habit categories (or shapes) will facilitate the classification process, whether it is done
manually or automatically.

In this thesis an updated shape classification of snow crystals and a new methodology
of classifying the particle shapes are proposed. Figure 3.14 shows a flowchart reviewing
the main steps motivating this study. There are already existing shape classification
schema with a different number of crystal shapes as can be seen in Figure 3.14a), however,
due to the large natural variability of the snow crystals other different shapes might be
found. Consequently, the main two targets of this study are to update the existing shape
classification schema adding new crystal shapes (Figure 3.14b) and propose a new shape
classification method for the study of the particle microphysical properties (Figure 3.14c).

The updated classification is based on the habit categories from Magono–Lee and
Libbrecht (Magono and Lee [1966], Libbrecht [2006]) including some of the categories
collected by Kikuchi (Kikuchi et al. [2013]), in addition to new shapes found in Kiruna.
The proposed classification scheme comprises a total of 135 unique shapes of natural
snowflakes, including 34 new shapes (see Figures 3.15–3.16). This is useful for other
shape classification studies, although it is challenging to study the characteristic of all
the shapes and it may be tedious for the models to use this level of detail. Consequently,
in order to facilitate the study of the shape dependence of the snow crystal microphysical
properties, we propose a classification method that consists of sorting these categories
into different shape groups with comparable morphological characteristics.
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Figure 3.14: Flowchart reviewing the main steps (a–b) motivating this study. Results
are shown in Vázquez-Mart́ın et al. [2020a] (Paper B) discussed in Part II.

For our study, we sort the 135 shapes into 15 different shape groups. These 15 shape
groups are listed in Table 3.1. However, depending on the needs of a study, these shape
groups can be assembled differently, into, for instance, less than 15 groups. The grouping
proposed is useful as a first attempt for the study of the snow particle characteristics
with the shape dependence. We may also find more easily characteristic relationships in
particle shape and morphology when comparing microphysical properties. These results
are shown and discussed in Vázquez-Mart́ın et al. [2020a] in Part II (Paper A).

3.3.2 Microphysical Properties and their Relationships

The microphysical properties, such as maximum dimension, cross-sectional area, area
ratio, aspect ratio, fall speed, mass, and shape of natural snow crystals have been deter-
mined by inspection and processing of images of individual particles taken by the D-ICI
instrument (see Chapter 4), which takes high-resolution images from the side and the top
view. Figure 3.17 shows the top- (left) and side-view (right) images of four typical parti-
cles (a–d). The top-view images are used to determine particle size, cross-sectional area,
area ratio, and aspect ratio. The side-view images are exposed twice so that two-particle
exposures are displayed in the same figure. These particle exposures correspond to the
first and second position, respectively, when the particle is falling, so that fall speed can
be determined. The dual images provide complementary information that contributes to
a better description of the particle shape, improving the shape classification carried out
by looking at both top- and side-view images.
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Figure 3.15: The updated shape classification presented in Vázquez-Mart́ın et al. [2020a]
(PART 1). Thick grey frames highlight the 34 new shapes found in Kiruna. A list with
the complete names of these shapes is shown in Vázquez-Mart́ın et al. [2020a] (Table A1
in Appendix A). The same scaling for all images, 1.0 mm scale bar, is shown.
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Figure 3.16: The updated shape classification presented in Vázquez-Mart́ın et al. [2020a]
(PART 2). For caption see Figure 3.15.
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Table 3.1: The 15 shape groups presented in Vázquez-Mart́ın et al. [2020a]. A description
of each group is shown in Figures 3.2–3.5 (Vázquez-Mart́ın et al. [2020a]).

Shape groups (1-15)
(1) Needles and thin or long columns
(2) Crossed needles and crossed columns
(3) Thick columns and bullets
(4) Capped columns and capped bullets
(5) Plates
(6) Stellar crystals
(7) Bullet rosettes
(8) Branches
(9) Side planes
(10) Spatial plates
(11) Spatial stellar crystals
(12) Graupel
(13) Ice and melting or sublimating particles
(14) Irregulars and aggregates
(15) Spherical particles

The particle classification is carried out manually by looking at both images simulta-
neously. This is important to improve the shape classification due to ambiguities on the
particle shapes. Figure 3.17 shows some examples of snow crystals with different shapes.
In some cases, the classification can be relatively simple with using only the information
of one image, for instance, the top view of a snow crystal with stellar shape as shown
in case (a). However, looking at the side view image of the same example, the particle
shape of the snow crystal may be mistaken with a needle type, as its appearance looks
similar to the particle in case (b), which is a needle type. Similarly, particles in (c) and
(d) seem to have similar shapes in the side-view images. However, from the top-view
images, we can clearly distinguish two different shapes; particle (c) has a dendritic or
stellar shape, and (d) is a bullet capped with a dendrite.

• Particle Size, Cross-sectional Area, Area Ratio, and Aspect Ratio:

The maximum dimension Dmax is used to describe the particle size, which is determined
by the smallest diameter that completely encircles the particle boundary in the top-view
image (see Figure 3.18). The area in the top-view image enclosed by the particle boundary
based on the pixel count is used to define the cross-sectional area A of the particle. From
the particle size and cross-sectional area, the area ratio Ar and consequently, the aspect
ratio As, can be calculated as follows

Ar =
A

π
4
·D2

max

, (3.22)
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Table 3.2: Shape groups and their description (PART 1). For each of the 15 groups,
images of all included shapes are shown. The complete names of these shapes are shown
in Vázquez-Mart́ın et al. [2020a] (Table A1 in Appendix A).

Shape groups (1-15)
and their description

Images

(1) Needles and thin or
long columns: Includes

needles, other snow crystals
with elongated features (i.e.
needle-like shape), and thin
or long columns, including
rimed needles and rimed
thin columnar crystals.

(2) Crossed needles
and crossed columns:
Combination of crossed

needles and a combination
of crossed thin or long

columns.

(3) Thick columns and
bullets: Thick columnar,

minute columns, bullet
shape, scroll, pyramid and

cup shapes.

(4) Capped columns
and capped bullets:

Columns and bullets with
plates at one end or on

both ends.

(5) Plates: Hexagonal
plates including solid and

hollow plates, skeletal
surfaces, sector plates,

plates with scrolls at the
end, rimed plates, split
plates, double plates,

concentric plates, minute
hexagonal plate, plate ice

crystal, triangular and
rectangular plates.
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Table 3.3: Shape groups and their description (PART 2). For caption see Table 3.2
(Vázquez-Mart́ın et al. [2020a]).

Shape groups (1-15)
and their description

Images

(6) Stellar crystals:
Stellar and dendrite shape

including simple stars,
stellar with plates or

sector-like ends, dendritic
crystal with plates or

sector-like ends, plate with
simple, sector-like or

dendritic extensions, broad
branch or dendritic crystal
with 12 branches, stellar

crystal with scrolls at ends,
rimed stellar crystal, split

stellar crystals, double
stellar crystal, concentric
plates with extensions of

different form, minute
stellar crystal, dendrite ice

crystal, and triangular
form with extensions of

different form.

(7) Bullet rosettes:
Combination of bullets or
columns, bullet rosettes

shape including bullet with
plates or dendrites.

(8) Branches:
Arm-extension-like shape,

malformed dendritic crystal
and seagull-type crystal.
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Table 3.4: Shape groups and their description (PART 3). For caption see Table 3.2
(Vázquez-Mart́ın et al. [2020a]).

Shape groups (1-15)
and their description

Images

(9) Side planes: Snow
crystals composed of

several crossed hexagonal
plates including radiating

plates, side planes,
scale-like side planes,

combination of side planes
with bullets and columns,

assemblage of plates,
arrowhead twins and
crossed plates shape.

(10) Spatial plates:
Snow crystals composed of

a plate with spatially
attached plates or

dendrites including densely
rimed plates and columns

on plates.

(11) Spatial stellar
crystals: Stellar crystal or

dendrites with spatial
plates or with dendrites,
including densely rimed

stellar crystal, stellar
crystal with rimed spatial

branches, graupel-like snow
of hexagonal type or lump
type and graupel-like snow
with non-rimed extensions.

(12) Graupel: Soft hail
shape considering that

perceptions and definitions
of soft hail can vary.
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Table 3.5: Shape groups and their description (PART 4). For caption see Table 3.2
(Vázquez-Mart́ın et al. [2020a]).

Shape groups (1-15)
and their description

Images

(13) Ice and melting or
sublimating particles:
Minute ice crystals, i.e.
particles that grow in

cirrus clouds from minute
frozen cloud droplets, such
as frozen cloud particles,

and ice pellets.

(14) Irregulars and
aggregates: Particles that

cannot be classified into
any other shape group in

addition to the
agglomeration of snow

crystals.

(15) Spherical
particles: Frozen small

raindrops and liquid
raindrops.

Figure 3.17: Top (left) and side (right) views of four particles (a)–(d) with different
shape. Both views contribute to a better description of the particle shape and its classi-
fication. By looking at top and side views, the ambiguities between the particle shapes
can be solved. Figure adapted from Vázquez-Mart́ın et al. [2020b].
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As =
X

Y
, (3.23)

where X is the width perpendicular to Y , which corresponds to the longest distance
between any two points of the particle boundary. Figure 3.19 shows an illustration,
where X and Y are defined for two different snow particle shapes; needle and stellar
crystal. The particle size, cross-sectional area, area ratio, and aspect ratio of the snow
particles are determined from the top-view images by the automated process presented in
detail in Kuhn and Vázquez-Mart́ın [2020]. The main steps consist of cleaning the top-
view images by removing the background features; a binary mask is defined to identify
the regions on the cleaned image that are darker than the grey-level threshold and the
particle and its boundary are detected (Figure 3.20).

Figure 3.18: Detected particle size and its boundary. The edges are shown in red. The
smallest circle shown with a dashed line, enclosing the particle is the maximum dimension
for the particle, i.e. its diameter (Kuhn and Vázquez-Mart́ın [2020]).

Figure 3.19: Illustration of the aspect ratio according to the definition given by Equa-
tion 3.23. Two different snow particle types; needle and stellar crystals are shown as an
example. X is the width perpendicular to Y , which corresponds to the longest distance
between any two points of the particle boundary.
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Figure 3.20: Steps of the automated image processing are shown in (a)–(b). Panel
(a) shows the original image (top view); (b) cleaned image by removing the background
features; (c) a binary mask is defined as a ‘perimeter’ to find the regions where the
particle is in order to avoid the selection of a wrong boundary. This identifies the regions
on the cleaned image that are darker than the grey-level threshold, which are shown as
black; (d) the particle and its boundary are detected from the gradient matrix computed
from the cleaned image, with values scaled to grey levels for representation. A size bar
of 1 mm indicates the resolution. See detailed description in Kuhn and Vázquez-Mart́ın
[2020].

• Fall Speed:

The particle fall speed is determined by a manual procedure from the side-view images.
At least a pair of points of the particle must be selected, for instance, the left and right
edges of the particles (P1 and P3 in Figure 3.21, right). The same points are determined
on the second exposure (P2 and P4 in the same figure). The falling distance s corresponds
to the average of the Euclidean distances between P1 and P2, and between P3 and P4:





s12 (P1, P2) =
√

(x2 − x1)2 + (y2 − y1)2

s34 (P3, P4) =
√

(x4 − x3)2 + (y4 − y3)2
(3.24)
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Figure 3.21: Two particle examples (a–b). Left: Top-view images. Right: Side-view
images, which are exposed twice to enable fall speed measurements. In both examples,
at least two pair of points (P1, P3 and P2, P4) were selected to determine the particle fall
speed (Vázquez-Mart́ın et al. [2020b]).

The resulting fall speed is the falling distance s divided by the time or flash separation
t between both particle exposures

v =
s

t
, (3.25)

where t = (1.26 ± 0.01) ms. By using the Propagation of Error (or Propagation of
Uncertainty)30 formulas, the uncertainties in fall speed δv can be determined as follows

v ± δv =
s

t
± v ·

√(
δs

s

)2

+

(
δt

t

)2

, (3.26)

where uncertainties in s are limited to 10% by rejecting tumbling particles as explained
in the following, and in t to approximately 1%. Consequently, the uncertainties in t have
a negligible effect on fall speed error. The pixel resolution, p = (3.74 ± 0.02) µm pixel−1.

30Propagation of Error: Is defined as the influence of the uncertainty of a variance on a function.
It is a statistical calculation derived from calculus, which is designed to combine uncertainties from
multiple variables in order to provide an accurate measurement of uncertainty (Ku [2010], LibreTexts
[2020]).
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The uncertainty related to the accuracy of the point selection (about 2 pixels) contributes
additionally to the uncertainty in s, however, only on the order of 1%. By the selection of
the points P on each particle to determine fall speed, it is possible to notice differences in
fall speed across the particle. When there is no difference, the particle is falling straight,
whereas when there is a difference, the particle is tumbling, i.e. has a rotating motion
besides the straight falling motion. If the rotation is around an axis perpendicular to
the imaging plane, then tumbling is most noticeable. When rotating around an axis
parallel to the imaging plane, it may be challenging to identify the same points on the
second exposure on the image. In these cases or when there is a significant tumbling,
the images are excluded. The tumbling limit is set when the speed of the selected points
differ by more than ±10% from the mean speed, which corresponds to tumbling angles
of approximately 5◦ (for an assumed size of 1 mm and fall speed of 0.5 m s−1). Thus, by
rejecting tumbling particles, the uncertainties in s, and with that also the uncertainties
in v (Equation 3.26), can be limited to 10%, as stated earlier. However, in our dataset,
tumbling particles are not observed frequently, therefore, less than 10% of the images
were discarded based on tumbling. Other problems that were excluded are particles that
appear outside the field of view (FOV) of the image (about 20%); second, when the inlet
was blocked with snow (about 10%); followed by particles partially out of focus with
incorrectly identified boundary (less than 5%); and finally, if there was any ambiguity to
classify or identify the particle shape (less than 1%). Images were also discarded when
there were no particles due to a false trigger by particles completely out of FOV (about
40%).

The effect of orientation on the fall speed has been also investigated for two different
orientation angles. Falling particles with orientation angles close to 0◦ were considered
horizontal and falling particles were considered vertical when angles were close to 90◦.
Figure 3.22 shows side-view images of different snow particle shapes with horizontal and
vertical orientation.

• Mass:

The mass of snow particles are determined using measured particle sizes, cross-sectional
areas, and fall speeds. In a similar approach as the one discussed in Section 3.2.1, from
Re–X relationships and Equation 3.3, one might determine particle mass m as follows

m =
X · A · η2

2 · g · ρa ·D2
max

, (3.27)

where X is the Best number, A the cross-sectional area, η the dynamic viscosity, g
the gravitational acceleration, ρa the air density, and Dmax the maximum dimension
or particle size. Solving Re–X relationships from Mitchell (Mitchell [1996]), given by
Equation 3.8, for X, X can be calculated as

X =
δ40 · C0

16
·





[(
4 · Re

δ20

)1/2

+ 1

]2
− 1





2

, (3.28)
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Figure 3.22: Panels (a–f) show six examples using side views of different particle shapes
with a horizontal orientation. Particles in (g–l) correspond to vertical orientation. The
same scaling is applied to all images; a 1 mm scale bar is shown as a reference. Figure
adapted from Vázquez-Mart́ın et al. [2020b].

where δ0 =5.83 and C0 =0.6 are unit-less constants (Böhm [1989]). The atmospheric con-
ditions for each particle are described by adapting η and ρa to the measured temperature
and pressure. ρa can be determined from the ideal gas law

ρa =
P

R · T , (3.29)

where P is the absolute pressure, R is the gas constant for dry atmospheric air
(287.058 J kg−1 K−1), and T the absolute temperature. And η from the Sutherland’s law
(Sutherland [1893])

η = η0 ·
(
T0 + S

T + S

)
·
(
T

T0

) 3
2

, (3.30)

where η0 = 1.716 × 10−5 kg m−1 s−2, T0 =273.15 K, S =110.4 K, and T the absolute
temperature [K].

• Relationships:

Cross-sectional area versus particle size (A vs Dmax), fall speed versus particle size (v vs
Dmax), fall speed versus cross-sectional area (v vs A), fall speed versus mass (v vs m),
mass versus particle size (m vs Dmax), and mass versus cross-sectional area (m vs A)
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relationships were investigated for the 15 shape groups shown in Table 3.1. These results
are discussed in the appended publications shown in Part II (see Vázquez-Mart́ın et al.
[2020a,b, 2021]). Figures 3.23–3.24 and Tables 3.6–3.7, show these relationships for the
15 shape groups.

Figure 3.23: Cross-sectional area vs particle size (A vs Dmax), fall speed versus particle
size (v vs Dmax), and fall speed versus cross-sectional area (v vs A) relationships are
shown for all the shape groups (solid lines) listed in Table 3.1 and all data (dashed black
line) in logarithmic scale. The median Dmax and A of the data is represented as a single
point on each line. The length of fit lines is defined by 16th and 84th percentiles (i.e.
values at which 16% and 84% of the data are below them) of Dmax, and A. The 68%
confidence region (used to represent the uncertainty) for the fits is also shown. a) The
A vs Dmax relationships. For comparison, the area of spheres corresponding to rain or
fog droplets, given by A = π

4
·D2

max, is shown as a grey dashed line. b) The v vs Dmax

relationships. c) The v vs A relationships. Same data are shown in Table 3.6. Figure
adapted from Paper C (Vázquez-Mart́ın et al. [2020b]).





66 Microphysical Properties

T
ab

le
3.6:

C
ross-section

al
area

versu
s

p
article

size
(A

v
s
D

m
a
x ),

p
article

size
versu

s
cross-section

al
area

(D
m
a
x

v
s
A

),
an

d
fall

sp
eed

versu
s

cross-section
al

area
(v

v
s
A

)
relation

sh
ip

s
for

each
sh

ap
e

grou
p

an
d

all
d

ata,
i.e.

for
all

th
e

p
articles

regard
less

of
sh

ap
e.

T
h

e
n
u

m
b

er
of

p
articles

N
,

p
aram

eters
a
,
b,
a
D

,
b
D

,
a
A

,
b
A

,
w

ith
th

eir
resp

ective
u

n
certain

ties,
an

d
th

e
correlation

co
effi

cien
ts
R

2,
w

h
ich

are
d

eterm
in

ed
from

lin
ear

least-sq
u

are
fi

ts,
are

sh
ow

n
for

each
sh

ap
e

grou
p

an
d

regard
less

of
sh

ap
e.

S
am

e
d

ata
are

sh
ow

n
in

F
igu

re
3.23.

T
h

ese
relation

sh
ip

s
w

ere
in

vestigated
in

P
ap

er
C

(V
ázq

u
ez-M

art́ın
et

al.
[2020b

]),
see

P
art

II.

S
h

ap
e

g
ro

u
p

s
(1

–
1
5
)

N
A

v
s
D

m
a
x

v
v
s
D

m
a
x

v
v
s
A

a
[m

m
2]

b
R

2
a
D

[m
s −

1]
b
D

R
2b

a
A

[m
s −

1]
b
A

R
2b

(1)
N

eedles
317

0.15±
0.01

1.06±
0.03

0.79
0.35±

0.05
-0.15±

0.11
0.24

0.50±
0.16

0.20±
0.08

0.50
(2)

C
rossed

needles
66

0.18±
0.04

1.01±
0.08

0.70
0.35±

0.05
-0.07±

0.13
0.04

0.57±
0.27

0.33±
0.18

0.36
(3)

T
hick

colum
ns

103
0.17±

0.04
1.24±

0.05
0.88

0.34±
0.14

0.12±
0.15

0.11
0.60±

0.34
0.26±

0.12
0.44

(4)
C

apped
colum

ns
189

0.32±
0.03

1.60±
0.06

0.79
0.49±

0.07
0.28±

0.14
0.42

0.60±
0.12

0.16±
0.07

0.49
(5)

P
lates

197
0.45±

0.03
1.71±

0.03
0.93

0.51±
0.05

0.39±
0.06

0.88
0.57±

0.06
0.20±

0.03
0.88

(6)
Stellar

43
0.40±

0.07
1.59±

0.15
0.75

0.23±
0.17

0.99±
0.37

0.54
0.37±

0.14
0.24±

0.25
0.13

(7)
B

ullet
rosettes

41
0.35±

0.04
1.62±

0.12
0.83

0.62±
0.05

0.44±
0.15

0.59
0.79±

0.11
0.24±

0.09
0.55

(8)
B

ranches
438

0.32±
0.01

1.74±
0.03

0.86
0.35±

0.03
0.36±

0.08
0.78

0.45±
0.07

0.20±
0.06

0.68
(9)

Side
planes

350
0.37±

0.01
1.77±

0.04
0.87

0.54±
0.02

0.04±
0.08

0.04
0.59±

0.04
0.11±

0.05
0.50

(10)
Spatial

plates
48

0.42±
0.05

1.62±
0.10

0.85
0.44±

0.13
0.20±

0.28
0.08

0.40±
0.40

0.02±
0.25

0.001
(11)

Spatial
stellar

185
0.40±

0.01
1.76±

0.03
0.95

0.45±
0.04

0.88±
0.10

0.93
0.70±

0.05
0.47±

0.04
0.96

(12)
G

raupel
37

0.51±
0.04

1.99±
0.05

0.98
1.07±

0.09
1.00±

0.13
0.91

1.40±
0.14

0.47±
0.07

0.89
(13)

Ice
particles

60
0.23±

0.09
1.45±

0.07
0.87

0.65±
0.14

0.39±
0.12

0.65
0.87±

0.38
0.24±

0.12
0.41

(14)
Irregulars

346
0.34±

0.02
1.65±

0.03
0.91

0.46±
0.07

0.46±
0.12

0.70
0.60±

0.12
0.27±

0.08
0.68

(15)
Spherical

41
0.80±

0.02
2.04±

0.01
1.00

4.76±
0.63

1.42±
0.35

0.73
5.92±

0.59
0.71±

0.15
0.78

A
ll

d
ata

2461
0.30±

0.01
1.54±

0.01
0.81

0.44±
0.02

0.19±
0.03

0.87
0.54±

0.02
0.18±

0.01
0.97



3.3. Thesis Work 67

T
ab

le
3.

7:
M

as
s

ve
rs

u
s

p
ar

ti
cl

e
si

ze
(m

v
s
D

m
a
x
),

m
as

s
ve

rs
u

s
cr

os
s-

se
ct

io
n

al
ar

ea
(m

v
s
A

),
an

d
fa

ll
sp

ee
d

ve
rs

u
s

m
as

s
(v

v
s
m

)
re

la
ti

on
sh

ip
s

fo
r

ea
ch

sh
ap

e
gr

ou
p

an
d

al
l

d
at

a,
i.

e.
fo

r
al

l
th

e
p

ar
ti

cl
es

re
ga

rd
le

ss
of

sh
ap

e.
T

h
e

n
u

m
b

er
of

p
ar

ti
cl

es
N

,
p

ar
am

et
er

s
ã
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Chapter 4

Instrumentation and Methods

“If I had one hour to save the world, I would spend
55 minutes defining the problem and only five

minutes finding the solution.”
<Albert Einstein>

The corresponding publication to this chapter is Paper A (Kuhn and Vázquez-Mart́ın [2020]) in Part II.

Snowfall has long been monitored by both ground-based and airborne instruments.
However, there are few instruments that can measure particle size, shape, and fall speed
simultaneously. Instruments can be classified into different categories depending on what
is measured: disdrometers, camera systems, airborne, holographic imaging, optical imag-
ing, and radar.

This chapter gives a review of the different categories of instruments that are used
to measure snow crystals and their microphysical properties. The instrument used to
collect the dataset used in this thesis is also described. At the end of the chapter the
work performed during this thesis is presented. The instrumentation and methods used
in this thesis are described in detail in Paper A (Part II).

4.1 Disdrometers

Disdrometers are ground-based instruments used to measure the particle size distribution
and fall speed of droplets and ice crystals, by measuring the shadow or attenuation when
particles are passing through one or several light beams. Disdrometers are generally de-
signed to detect large particles covering a range of diameters from 0.3 mm to 30 mm (e.g.
Löffler-Mang and Joss [2000]). The most common disdrometers are PARSIVEL “Parti-
cle Size Velocity disdrometer” (e.g. Battaglia et al. [2010]), 2-DVD “Two-Dimensional
Video Disdrometer” (e.g. Kruger and Krajewski [2002]), and HVSD “Hydrometeor Ve-
locity and Shape Detector” (Barthazy et al. [1998]). Photographs of the 2-DVD and
PARSIVEL instruments are shown in Figure 4.1a) and c), respectively.
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a) b) c)

d) e) f)

Figure 4.1: Photographs of ground-based in-situ instruments for snowfall measurements
and retrievals: (a) 2-DVD, (b) HOLIMO, (c) PARSIVEL, (d) MASC, (e) ICI, and (f)
PIP.

4.2 Camera Systems

Camera systems are used for optical imaging of snow particles. This category acquires
high-resolution optical images of hydrometeors and provides their size, shape, area, and
fall speed. One example is SVI “Snowflake Video Imager” (or PIP “Particle Imaging
Package”; newer version). It consists of a video camera with a pixel resolution of 100 µm
and a halogen lamp placed at about 2 m distance for background illumination. PIP has a
particle size range of 100 µm to 6.2 mm. It uses a CCD camera with a pixel resolution of
50 µm to 100 µm, which provides high speed photography (380 frames/sec). PIP allows
determination of the fall speed with image analysis software that follows particles over
several frames (see, e.g. Newman et al. [2009]). It can determine particle size and fall
speed measurements in both rain and snow but not particle shape. Another example is
ICI “The Ice Crystal Imaging probe”, which uses a high-resolution CCD camera system
with a pixel resolution of 4.2 µm (Kuhn and Gultepe [2016]). This allows determination
of particle sizes from 100 µm to 1.5 mm. This instrument has also been used to measure
fall speed by double-exposing snow particles using two flashes of illuminating light. ICI
can measure size, projected area, shape, fall speed, total number concentrations and
particle size distribution (PSD) of single ice crystals. Photographs of the ICI and PIP
instruments are shown in Figure 4.1e) and f), respectively.

4.3 Airborne

There are instruments designed for airborne applications that have also been used for
snow measurements on the ground. CIP “Cloud Imaging Probe” (see Baumgardner
et al. [2001]) is an optical array probe that has been used on the ground as GCIP
(Gultepe et al. [2014]). VIPS “Video Ice Particle Sampler” is a video camera system
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(see Appendix of Mcfarquhar and Heymsfield [1996]) with a high pixel resolution, allowing
to cover particle size ranges larger than 5 µm. It has been used for ice fog particles on
the ground with a pixel resolution of 1.1 µm (Schmitt et al. [2013]). CPI “Cloud Particle
Imager” (Lawson et al. [2001]) uses a CCD camera with a pixel resolution of 2.3 µm,
allowing to record high-resolution digital images of particles. Ice particles are detected
from the shadowgraphs or images when they are in focus.

4.4 Holographic Imaging

Digital holographic imaging determines the sizes and shapes of hydrometeors with high-
temporal- and spatial-resolution. Images of out-of-focus particles can be reconstructed.
Once the particle is completely in-focus, its size, shape and position are determined.
HOLODEC “Holographic Detector for Clouds” is an airborne instrument (Fugal et al.
[2004]) and HOLIMO “Holographic Imager for Microscopic Objects” is a ground-based
instrument (Amsler et al. [2009]). HOLIMO II, a newer version, is used for ground-
based in-situ measurements of particles in mixed-phase clouds (Henneberger et al. [2013]).
A photograph of HOLIMO instrument is shown in Figure 4.1b).

4.5 Optical Imaging

PHIPS “Particle Habit Imaging and Polar Scattering” is a sensor designed to simul-
taneously measure 3-D morphology and microphysical parameters of individual cloud
particles. It uses a combination of optical imaging and scattering (with polar neph-
elometer31). A first version of the instrument detected particles ranging from a few
micrometers to about 800 µm diameter in size, characterized with a high pixel resolu-
tion, better than the 2 µm optical resolving power (Schön et al. [2011]). The next version,
PHIPS-AIDA “Particle Habit Imaging and Polar Scattering – Aerosol Interactions and
Dynamics in the Atmosphere”, added an additional camera at an angle of 60◦ to produce
stereo images, and has been used for cloud chamber experiments (Abdelmonem et al.
[2016]). MASC “Multi-Angle Snowflake Camera” consists of three high-resolution cam-
eras to image falling snow from three angles, while simultaneously measuring their fall
speed by using two sets of IR emitter-receiver pairs registering the shadow twice (Gar-
rett et al. [2012], Schaer et al. [2020]). The time interval between two successive triggers,
which are vertically separated by 32 mm, enables the determination of the particle fall
speed. The cameras are viewing horizontally and are separated by 36◦. The cameras may
have different pixel resolutions, for instance, in the version described by Garrett et al.
[2012], the cameras used pixel resolutions between 9 µm and 32 µm. A photograph of
the MASC instrument is shown in Figure 4.1d). Multi imager instrumentation provides
more detail about the 3-D structure of the snow particle adding valuable information

31Nephelometer: Instrument for measuring the concentration of suspended particles in a liquid or
gas cloud.
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to the microphysical data collected by imaging instruments. This favours, for instance,
estimations of snow particle mass.

4.6 Radar

Radar instruments retrieve size distributions of snowflakes and rain droplets in addition
to a unique fall speed-size relationship for hydrometeors. One example is MRR “Micro
Rain Radar”. It is a vertical pointing microwave 24 GHz FMCW (frequency modulated
continues wave) high-resolution radar profiler that measures rain rate, liquid water con-
tent, drop size distribution and fall speed (or Doppler velocity) of hydrometeors in height
ranges from 15 m to 6000 m. MRR detects drop sizes from 250 µm to 4.5 mm (see e.g.
Maahn and Kollias [2012]).

4.7 Thesis Work

In this thesis a newly developed multi imager instrument is presented. It is a ground-
based in-situ instrument composed of two high-resolution cameras to photograph natural
snow crystals and other hydrometeors.

4.7.1 D-ICI Instrument

D-ICI “The Dual Ice Crystal Imager” is a ground-based in-situ and multi-image in-
strument that uses two CCD high-resolution cameras for simultaneous imaging from the
horizontal (side view) and the vertical (top view) viewing directions (Figure 4.3). The
two CCD cameras have a pixel resolution of 3.75 µm, which allows covering of parti-
cle sizes from 60 µm to 3.2 mm. It is a further development of ICI (Kuhn and Gultepe
[2016]) by addition of a second camera. As for ICI, the side-view camera produces double-
exposures for fall-speed measurements. The other camera provides top-view images. As
earlier discussed in Section 3.3, particle size and cross-sectional area are estimated from
the top-view images, whereas fall speed is estimated from the side view. The information
provided by the combination of both views improves the shape classification. A detailed
description of the instrument has been presented in Kuhn and Vázquez-Mart́ın [2020]
(see Part II, Paper A). The D-ICI inlet is monitored by an inlet camera, such that it
is supervising when the inlet is blocked with snow. The camera is used to detect inlet
blockage in order to exclude, during post-processing, any data affected by this. Features
of the instrument are shown in Figure 4.2.

4.7.2 Measurements

Our measurements have been taken in Kiruna, Sweden (67.83◦ N, 20.41◦ E), using D-ICI
during the snowfall seasons from the beginning of November to the middle of May during
winters 2014 to 2019. During this period, data was gathered by additional instruments
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Side-view CCD LED

LED
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Inlet

Inlet camera

Top-view CCD

Computer

Figure 4.2: Top: Schematic cut views of D-ICI setup. (a) Cut through a plane defined
by the optical axes of imaging optics showing inlet, sampling tube, and the side- and
top-view imaging optics and illumination; (b) Perpendicular cut showing laser detec-
tion. An ice crystal image is shown in the centre of the sensing volume in both panels.
Bottom: Photograph of D-ICI (the door of enclosure is removed). The inlet camera is
also displayed on the top.

as part of a snowfall measurement campaign at the same site from November 2017 to
May 2018 (see Section 4.7.3). The instrumentation involved in the snow measurement
campaign includes some of the aforementioned instruments: D-ICI, PIP, and MRR (Fig-
ure 4.4). The analyses conducted with data from the measurement campaign were not
completed for this thesis and, therefore, will be part of future work. Some of the anal-
yses are shown and discussed in Chapter 5. During the campaign, some measurement
attempts were made using MASC (Figure 4.1d), but there were some technical problems.
Consequently, new snow measurements using MASC will also be considered as part of
future work (Chapter 5).
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Figure 4.3: Top- (left) and side- (right) view images of the same particle. Side-view
image is displayed twice to enable fall speed measurements (see Section 3.3).

  

a)

b)

c)

Figure 4.4: Instruments used during the measurement campaign in winter 2017/2018.
(a) D-ICI, (b) PIP, and (c) MRR.
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4.7.3 Results from The Measurement Campaign

Several snowfall measurements were carried out for the duration of this thesis. A large
part of the data has been included in the studies conducted in this thesis. We also
collected data from other in-situ instruments, PIP and MRR, as part of an international
measurement campaign performed together with the D-ICI. Although only part of these
datasets have been analysed, we can show some preliminary results in this thesis.

• Particle Size Distribution (PSD) and Fall Speed Distribution (FSD):

As discussed in Chapter 3, particle size and fall speed are important parameters for fore-
cast and climate models. Another essential microphysical property in snow crystals is
the particle size distribution (PSD), and consequently, the fall speed distribution (FSD).
Together with particle shape and area, these are fundamental properties of microphysics
and are required for accurate snowfall predictions. The PSD is the number of particles
per given size interval in a measurement volume.

The PSD is an important parameter since it influences cloud evolution, the hydro-
logical cycle, climate, and vegetation (Waliser et al. [2009]). Good knowledge of PSD is
essential to conduct microphysical parameterizations (Yu et al. [2020]), for instance, in
numerical weather prediction (NWP) models (Stephens et al. [2010], Tao et al. [2014]),
remote sensing and the characterization of snowstorms (Cooper et al. [2017]). Its im-
portance to determine the partitioning of liquid and ice has also been demonstrated, in
addition to the longevity of mixed-phase clouds (Ovchinnikov et al. [2014]). Further-
more, the cloud PSD has been used to determine the ice water content (IWC) (Tinel
et al. [2005]).

Apart from the already mentioned statements, the PSD is an important parameter
for at least four more reasons (see e.g. Delanoë et al. [2005]). First, it is essential for val-
idating and improving our understanding of the microphysical properties and processes
underlying the formation and evolution of the ice particles. Second, it has a major influ-
ence on the settling velocity of particles. Third, it has a strong dependence on particle
size since it can determine a statistical approximation of the dimensional size of the par-
ticles and it can be quantified and a single value ascribed. Finally, it plays an important
role in climate because PSD and also the particle shapes affect the radiation balance of
the Earth-atmosphere system.

Knowledge of the shape of the ice particle size distribution is essential for the pre-
diction of processes such as precipitation and radiative effects within large scale models.
Accurate PSDs can also be used to predict the radiative properties of clouds. In recent
years, there has been considerable interest in the study of the PSD (see e.g. Mossop
[1985], Barthazy et al. [1998], Field et al. [2007], Heymsfield et al. [2008], Luchs et al.
[2009], Battaglia et al. [2010], Heymsfield et al. [2013], Ovchinnikov et al. [2014], Tiira
et al. [2016], Mason et al. [2019], Ding and Liu [2020], Pettersen et al. [2020b,a], Yu et al.
[2020]. As mentioned earlier, PSD expresses the number of particles per given size inter-
val in a measurement volume and describes the population of the particles. Consequently,
one might express PSD and FSD in the form of a histogram and using log-normal distri-
bution. As it was discussed by Heintzenberg [1994], the log-normal distribution has been
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used for a long time to describe size distributions of particle properties, especially in at-
mospheric aerosols, clouds, precipitation and also in the comparison of experimental data
(see e.g. Raabe [1971], Thomas [1987], Söderlund et al. [1998], Meneghini et al. [2003]).
Thus, the log-normal distribution function can be considered the most common way
to represent the particle size distributions (PSDs). The log-normal probability density
function of a dataset, X, is commonly defined as:

f(X | µ, σ) =
1

X · σ ·
√

2π
· e

−(ln(X)−µ)2
2·σ2 , (4.1)

where µ and σ are the mean and the standard deviation of ln(X).
The shape of the log-normal distribution is defined by four parameters: mean , mode ,
median and geometric standard deviation :

Mean (m) = eµ+
σ2

2 , (4.2)

Mode = eµ−σ
2

, (4.3)

Median = eµ, (4.4)

Geometric std. deviation = eσ (4.5)

The median particle size is the particle diameter that divides the frequency distribution
in half. For log-normal distribution the geometric mean is equal to the median. The
arithmetic mean diameter, usually simply termed the mean diameter, is the arith-
metic average particle diameter of the distribution. The mode represents the value that
occurs most frequently in a distribution; then in PSDs, the mode is the particle diameter
that occurs most frequently. In fall speed distributions, the mode is the fall speed value
that occurs most frequently in the distribution. The geometric standard deviation
describes how the spread out is a set of numbers whose preferred average is the geomet-
ric mean. The geometric standard deviation is a multiplicative factor and therefore is
dimensionless, as the input values in the traditional standard deviation. Fall speed distri-
butions (FSDs) were determined by using the same equations (4.1–4.5). A comparison of
PSD and FSD have been conducted using different instruments, which have been part of
the snow measurement campaign. These are D-ICI, PIP, MRR (Figure 4.4), and MASC
(Figure 4.1d).

• Comparison between D-ICI and PIP data:

Some attempts for a comparison of D-ICI and PIP data have been performed. Some
preliminary results are shown in Figures 4.5–4.6. Discussions of the results are not
shown here since they are not conclusive yet. Consequently, more analyses have to be
conducted as part of future work dedicated to this study.
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Figure 4.5: Preliminary results of particle size distribution (PSD) using the dataset
from the snow measurement campaign. Results from two different days, 2018-01-24 and
2018-03-13, using D-ICI and PIP data are shown. Different time intervals a)–d) have
been identified to analyse the PSD comparing data from D-ICI and PIP. The red frame
is showing the interval of time when the inlet was blocked with snow (more details were
discussed in Section 3.3.2).
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Figure 4.6: Preliminary results of fall speed distribution (FSD) using the dataset from
the snow measurement campaign. As in Figure 4.5, results from two different days, 2018-
01-24 and 2018-03-13 are shown. In this case, only using D-ICI data. The PIP particle
size distribution is given for 12 hour periods times indicated in UTC.

• Comparison between D-ICI, PIP and MRR data:

Some attempts for a comparison of D-ICI, PIP and MRR fall speed data have been
performed. Some preliminary results are shown in Figure 4.7. Same as before, discussions
of the results are not shown as they are not conclusive yet. Consequently, more analyses
have to be conducted.

• Comparison between D-ICI, PIP, MRR, and MASC data:

Some attempts for a comparison of the PSD, FSD, in addition to size, fall speed and shape
using MASC instrument were not possible to conduct due to some technical problems
with the instrument. Consequently, new snow measurements using MASC will also be
considered as part of future work (Section 5.2).
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MRRPIP

Figure 4.7: Preliminary results of fall speed distribution (FSD) using the dataset from
the snow measurement campaign. In this case, only results for 2018-01-24 from PIP
and MRR are shown as an example. The PIP particle size distribution and the MRR
reflectivity profiles are given for 12 hour periods times indicated in UTC.
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Chapter 5

Conclusions and Future Work

“Nothing in life is to be feared, it is only to be
understood. Now is the time to understand more, so

that we may fear less.”
<Marie Curie>

A comprehensive summary of my thesis work is concluded in this chapter. My re-
flections and answers to the research questions outlined in Chapter 1 are also given.
Furthermore, this chapter identifies several open issues that motivate future work.

5.1 Conclusions

This thesis provides new ground-based in-situ snow measurements and investigates the
microphysical properties of snow crystals.
Some of the most relevant results and conclusions investigated and addressed in this work
are listed below:

• Ground-based instruments can be used to perform in-situ measurements of the
microphysical properties including shape.

• Characterization of ice-crystal shape is possible with ground-based in-situ instru-
ments from a dual-image camera.

• A novel classification of snow crystals was suggested, which consists of sorting
particle shapes into different groups. This is valuable for modelling by helping to
reduce the computation time.

• Fall speed is affected by different microphysical properties. The most important is
the size and shape of the particles. Orientation has a smaller impact on fall speed
than the shape.

• Mass is mainly affected by the shape and size of the particles. Fall speed also has
an impact on mass due to the drag forces.
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• Overall, the fall speed and mass data of individual particles show a broad spread
of values as a function of particle size or cross-sectional area so that there is no
good correlation to the power-law fits. However, the correlations are substantially
improved by binning the data before applying the power law.

For all shape groups the fit to the individual data and the fit to the data after bin-
ning agree with each other within uncertainties. For about half of the shape groups
the correlation coefficient R2 after binning the data is larger than 0.5, consequently,
the corresponding fits are considered representative of the measured data.

• These resulting parameterizations of the snow microphysical properties as a func-
tion of particle shape may be useful for improving our understanding of precipita-
tion in cold climates. In addition, they can also help to improve the microphysical
parameterizations in the climate and forecast models.

My answers to the research questions (RQ) outlined in Section 1.3:

• RQ1. How can the properties of snow particles be determined using
ground-based in-situ instruments?

This research question has been investigated in Paper A (Kuhn and Vázquez-Mart́ın
[2020]) shown in Part II. The conducted findings are discussed and summarised below.
Using ground-based in-situ instruments we can measure snow from the ground. To de-
termine the microphysical properties of the snow crystals, high-resolution cameras can
be used to photograph individual particles and consequently, determine their properties
using image processing. For instance, using images with a high optical resolution of
about 10 µm allows for the identification of snow particles even smaller than 0.1 mm.
The additional information of dual images (top- and side-view images) improve the snow
crystal shape classification carried out by looking at the images from both viewing po-
sitions. There is a set of ground-based in-situ instruments to retrieve the snow crystal
microphysical properties but some of them have limitations due to the fact that they
cannot measure particle size, shape, and fall speed simultaneously. The instrument used
in this thesis, D-ICI, is a ground-based in-situ and multi-image instrument. With the aid
of two CCD high-resolution cameras for simultaneous imaging from the horizontal (side
view) and the vertical (top view) viewing directions, the microphysical properties, such as
particle shape, size, cross-sectional area, and fall speed, can be measured simultaneously.

• RQ2. How can the snow particle shapes be classified?

This research question has been investigated in Paper B (Vázquez-Mart́ın et al. [2020a])
shown in Part II. The conducted findings are discussed and summarised below.
As stated in RQ1, the additional information of dual images (top- and side-view images)
improve the snow crystal shape classification carried out by looking at the images from
both viewing positions simultaneously since these provide complementary information
about the shape. In some cases, classification is relatively simple with one image only,
for example, Figure 5.1b). Looking at the top (left) and side (right) views of the same
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example, one may distinguish clearly the particle shape; a needle. However, looking at
the side view of Figure 5.1a), which shows a stellar crystal, the particle shape may be
mistaken for a needle type, as it looks similar to example case (a). Thus, determining the
particle shape from one image is challenging even when using high-resolution images, for
instance, due to an unfavourable orientation in the image. Therefore, shape classification
is less ambiguous with dual images. Due to the large natural variability of particle

Figure 5.1: Shape classification is less ambiguous with dual images. Panels (a) and (b)
show two examples of different particles with side (right) and top (left) views.

shapes, which nowadays are encountered in a number of 135 individual shapes, as have
been discussed in Section 3.1.4, it is challenging to study the characteristics of all of
them since most particle shapes do not appear so frequently. Consequently, it is hard
to achieve statistically significant results. Furthermore, even finding enough examples
of every single shape to achieve statistical significance, it may be hard for the models
to use this level of detail. Therefore, it is more useful using a classification based on
only a small number of shape groups, instead of the 135 individual ones, to analyse the
shape properties. Consequently, the 135 shapes have been sorted into different groups
with comparable morphological characteristics. A set of 15 shape groups has been sorted
out to study shape dependencies. These are: (1) Needles, (2) Crossed needles, (3) Thick
columns, (4) Capped columns, (5) Plates, (6) Stellar, (7) Bullet rosettes, (8) Branches,
(9) Side planes, (10) Spatial plates, (11) Spatial stellar, (12) Graupel, (13) Ice particles,
(14) Irregulars, and (15) Spherical. However, depending on the needs of the study, these
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shape groups can be assembled differently into less than 15 groups. The grouping used
here has been chosen as a first useful attempt for the study of snow particle characteristics
depending on their shape.

• RQ3. What are the relationships between fall speed, particle size, and
area for different snow particle shapes?

This research question has been investigated in Paper C (Vázquez-Mart́ın et al. [2020b])
shown in Part II. The conducted findings are discussed and summarised below.
There are different methods to investigate and parameterize relationships between the
snow crystal microphysical properties, which are essential, for instance, to study the
dependence of fall speed on snow particle size. Most fall speed parameterizations can be
given as a power law with general form v = a · Db, where v is the fall speed, D is the
particle size, and a, b are constant coefficients. As it has been discussed in Section 3.2,
this power-law relationship is often adopted because it facilitates analytical solutions in
models, for instance, to determine the Doppler velocity. This thesis investigated the fall
speed as a function of particle shape and other properties, such as size and cross-sectional
area. Overall, the fall speed data of individual particles showed a broad spread of values
as a function of particles size and cross-sectional area, driving to a low correlation to the

power-law fits expressed as v(Dmax) = aD ·
(
Dmax

1 mm

)bD and v(A) = aA ·
(

A
1 mm2

)bA , where
Dmax is the particle size, A cross-sectional area (or projected area) and aD, bD, aA, bA
are constant coefficients. However, we have seen that binning the data before applying
the power law improves the correlations substantially. As stated in RQ2, it may be more
useful for models to use a snow crystal shape classification based on a small number of
shapes and furthermore, to analyse the snow crystal properties. So that, relationships
have been studied for the 15 shape groups. We have seen an agreement between the fit to
the individual data and the fit to the data after binning. The findings presented in this
study show a good correlation (larger than 0.5) for about half of the shape groups, after
binning the data and consequently, the corresponding fits were considered representative.
The fall speed depends on the mass and the drag force on the cross-sectional area, so
that one expects area A to be more significant for fall speed v than particle size Dmax.
Our results confirmed this statement, as we have seen a better correlation for v vs.
A relationships than v vs. Dmax. Furthermore, our results have been compared with
parameterizations from the literature and they agree with each other.

• RQ4. How is mass affected by fall speed, particle size, and area for
different snow particle shapes?

This research question has been investigated in Paper D (Vázquez-Mart́ın et al. [2021])
shown in Part II. The conducted findings are discussed and summarised below.
The mass data presented here has been derived from fall speed measurements, whereas
in previous studies the fall speed data is derived from the mass. As has been discussed
earlier, using D-ICI instrument described in Paper A, particle shape, size, cross-sectional
area, and fall speed can be measured simultaneously from the dual images. Then, the
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derivation of mass is possible through fall speed data. As it has been discussed in Sec-
tion 3.2.3, the motion of falling cloud particles is driven by the gravity force and the
aerodynamic drag. Considering that the gravitational force is proportional to the particle
mass, while the drag force is proportional to the projected area, i.e. the cross-sectional
area and the square of particle fall speed, one might determine the fall speed and mass
from the resulting force balance together with relationships between the Reynolds num-
ber Re and the Best number X. Finally, the particle mass m can be calculated as
m = X·A·η2

2·g·ρa·D2
max

, where X is the Best number, A cross-sectional area, η dynamic viscosity
of air, g the gravitational acceleration, ρa the air density, and Dmax particle size. This
thesis also investigated the particle mass as a function of particle shape, size and area.
Furthermore, fall speed as a function of mass has been also studied. Our results have
shown similar spread pattern discussed in RQ3 for fall speed data. As a result, the large
spread in the dataset is apparent. Consequently, individual data have been binned before

applying the power law functions: m(Dmax) = ãD ·
(
Dmax

1 mm

)b̃D , m(A) = ãA ·
(

A
1 mm2

)b̃A ,

v(m) = am ·
(

m
1 µg

)bm
, where ãD, b̃D, ãA, b̃A, am, and bm are constant coefficients. From

these relationships mass and fall speed for different particle shapes can be derived as a
function of particle size and area. The 15 shape groups presented in Paper B have been
used to study the snow properties. The findings of this study show in general a good
correlation for most of the shape groups after binning the data. Consequently, the cor-
responding fits were also considered representative. As was discussed in RQ3, we found
that cross-sectional area A is more significant for mass m than particle size Dmax. Our
results showed a higher correlation for v vs. A than v vs. Dmax. We also found that
apart of A, the particle mass is significant for fall speed, as our results for the v vs. m
relationship show a good correlation for all the shape groups.

5.2 Future Work

The results discussed above have, to some extent, answered the questions posed in the
opening chapter of this thesis. However, over the time needed to conduct the thesis work,
new ideas have emerged. Furthermore, the results obtained from the measurements and
the analyses have given rise to further questions that could be addressed. In this section I
outline some of these new ideas as well as the work that remains to be done. Additionally,
I suggest several other objectives that could be developed in a future work, and some
ideas for the improvement of the instrumentation used in this thesis.

5.2.1 Automated Image Processing

In this thesis automated image analysis was attempted to classify snow crystals and to
determine fall speed. However, due to the complexity of our images it was concluded that
more analysis is needed. Some of these preliminary attempts consisted of the classification
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of ice crystals using an autocorrelation (AC) method3233, based on the detection of
the central peak , which is the maximum correlation of the image with itself when the
image is not shifted at all. Secondary peaks indicate when one of the two exposures
of the snowflake overlap with each other, as the two images are shifted. Assuming the
snowflakes mostly fall vertically, we can look at the vertical cut through the centre of
the AC method. Figures 5.2 and 5.3, shows two ideal cases where the AC has clear
secondary peaks. However, in some overlapping cases (Figure 5.5 and 5.6), the AC does
not have clear secondary peaks. The smoothed second derivative34 is used instead
to detect the minimum around the centre peak. The method seems to work even for
overlapping cases (Figure 5.5 and 5.6) and rotating cases (Figure 5.4), however, more
tests should be done and some tweaking might be needed on the smoothing parameters.
Therefore, no confident results can be shown so far. Consequently, as has been discussed
in Chapter 3, an alternative method for manual classification of snow crystals has been
used in this thesis (see Section 3.3.1). The same method can be also used both manually
and automatically.

• Shape-detection:

The results of the particle shape-detection were not conclusive. It seemed that the
classification itself was not very clear-cut, even for a human, so it would be hard to make
it work for an algorithm. Maybe having images of the snowflakes from different angles
to make a 3D model of them would have helped the classification (because only based
on one image this can present ambiguities, but the long-exposure side-pictures are not
optimal either due to the possible overlapping).

• Falling-detection:

Falling-detection with autocorrelation to detect particle fall speed was promising, but
more time is required for this procedure. It would need some tweaking to be robust
on the images, but in short, the proceeding would be as follows: (1) Make a black and
white version of the image with some threshold. (2) Make the autocorrelation of the
B&W image (cross-correlation of the image with itself). (3) Take the vertical cut at the
centre of the autocorrelation image (vertical because we are interested in the movement
along the vertical direction). (4) Take the second derivative of the vertical cut, possibly

32Autocorrelation (AC) method: Method or algorithm used to estimate the dominant frequency
and its variance in complex signals. Specifically, it calculates the mean and variance, which are the
first two moments of the power spectrum. The resolution of this method is not limited by the number
of samples used. Then, it is computationally faster and significantly more accurate compared to the
Fourier transformation

33Fourier transformation: Fourier transform is a fast and effective method for converting data from
the time domain to the frequency domain (Becker [2000]).

34Smoothed second derivative: Indicator represented as a large peak in the point that shows the
magnitude and acceleration changes, as well as the elevations at which the change occurs (O’Haver [2016,
2020]). The second derivative is the derivative of the derivative; it is a measure of the curvature of the
signal, that is, the rate of change of the signal slope. It can be calculated by applying the first derivative
calculation twice in a succession.
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Example 1

Figure 5.2: Ideal case: Example 1 used for the automated process attempt.

Example 2

Figure 5.3: Ideal case: Example 2 used for the automated process attempt.
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Example 3

Figure 5.4: Rotating case: Example 3 used for the automated process attempt.

Example 4

Figure 5.5: Overlapping case: Example 4 used for the automated process attempt.
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Figure 5.6: Overlapping case: Example 5 used for the automated process attempt.

smoothing after the first derivative if needed, in case this is too noisy. (5) Look for the
minimums on each side of the central peak (they are symmetric) since they give the
displacement in pixel from the two exposures.

5.2.2 Instrumentation Improvements

As for all existing instruments, improvements might be considered. We have proven the
reliability of D-ICI to determine the microphysical properties of snow crystals. However,
it has certain limitations on the fall speed determination due to the 2D images. Adding
an additional 3D camera it might be feasible to determine both particle exposures of the
side view images individually in different images. This, for instance, might facilitate an
automated fall speed determination. Figure 5.7 shows a sketch of how the D-ICI instru-
ment could be improved.

Further work will also be required to improve the instrument and the implementation
of the proposed methods. Additionally, future extensions of the classification method
presented in this work may be adapted, thereby addressing the demand for the automated
image analysis process to classify the particle shape and determine fall speed.

Some other ideas that we had in mind were to study the snow crystal morphology
diagram as Nakaya (Nakaya and Sekido [1936]; see Figure 2.7b in Section 2.4) using the
dataset presented in this thesis in order to analyse the temperature and relative humidity
history of our snowflakes. In conclusion, this study will definitely be part of future work
to investigate how representative is the Nakaya diagram in Arctic regions like Kiruna,
Sweden.
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Abstract. Accurate predictions of snowfall require good
knowledge of the microphysical properties of the snow ice
crystals and particles. Shape is an important parameter as it
strongly influences the scattering properties of the ice par-
ticles, and thus their response to remote sensing techniques
such as radar measurements. The fall speed of ice particles
is another important parameter for both numerical forecast
models as well as representation of ice clouds and snow in
climate models, as it is responsible for the rate of removal of
ice from these models.

We describe a new ground-based in situ instrument, the
Dual Ice Crystal Imager (D-ICI), to determine snow ice crys-
tal properties and fall speed simultaneously. The instrument
takes two high-resolution pictures of the same falling ice par-
ticle from two different viewing directions. Both cameras use
a microscope-like setup resulting in an image pixel resolu-
tion of approximately 4 µm pixel−1. One viewing direction
is horizontal and is used to determine fall speed by means
of a double exposure. For this purpose, two bright flashes
of a light-emitting diode behind the camera illuminate the
falling ice particle and create this double exposure, and the
vertical displacement of the particle provides its fall speed.
The other viewing direction is close-to-vertical and is used
to provide size and shape information from single-exposure
images. This viewing geometry is chosen instead of a hori-
zontal one because shape and size of ice particles as viewed
in the vertical direction are more relevant than these proper-
ties viewed horizontally, as the vertical fall speed is more
strongly influenced by the vertically viewed properties. In
addition, a comparison with remote sensing instruments that
mostly have a vertical or close-to-vertical viewing geometry

is favoured when the particle properties are measured in the
same direction.

The instrument has been tested in Kiruna, northern Swe-
den (67.8◦ N, 20.4◦ E). Measurements are demonstrated with
images from different snow events, and the determined snow
ice crystal properties are presented.

1 Introduction

Accurate knowledge of atmospheric ice crystals and
snowflakes, or snow particles, is needed for meteorologi-
cal forecast and climate models (see, e.g. Tao et al., 2003;
Stoelinga et al., 2003). In particular, microphysical proper-
ties that are difficult to measure with remote sensing such as
size, area, shape, and fall speed are important. Knowledge
about these microphysical properties can, for instance, help
improve parameterizations of snow particles in atmospheric
models.

To retrieve precipitation amount reaching the ground, the
microphysical properties of the snow particles on their way
down have to be known. Fall velocity plays a significant role
for modelling of the microphysical processes. It determines
the number of particles present in the measuring volume and
the snowfall rate, or the rate of particle removal from clouds.

Other important microphysical properties of snow parti-
cles are their shape and morphology, not only for investigat-
ing growth processes. Snow particle shape and morphology
affect radar measurements (see, e.g. Sun et al., 2011; Ma-
trosov et al., 2012; Marchand et al., 2013) and microwave
brightness temperature (Kneifel et al., 2010), and are signifi-
cant for optical remote sensing retrievals of cloud properties

Published by Copernicus Publications on behalf of the European Geosciences Union.
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(see, e.g. Yang et al., 2008; Baum et al., 2011; Xie et al.,
2011; Loeb et al., 2018).

Snowfall has long been monitored by ground-based instru-
ments. However, instruments that can measure size, shape,
and fall speed simultaneously are still scarce.

Instruments can be classified into different categories de-
pending on what is measured primarily. Disdrometers, for
example, measure shadow or attenuation as droplets or snow
particles pass one or several light beams. Fall speed can be
estimated either from the duration between the two beam
passages, in case of instruments that have two parallel beams
with known vertical spacing, or from the duration of atten-
uation. Three common disdrometers are Parsivel (particle
size velocity disdrometer; see, e.g. Battaglia et al., 2010), 2-
DVD (two-dimensional video disdrometer; see, e.g. Kruger
and Krajewski, 2002) and HVSD (hydrometeor velocity and
shape detector; see, e.g. Barthazy et al., 2004). The lat-
ter two are optical array instruments, where the shadow of
the particles is detected with a linear array of detectors.
Thus, a shadow image can be reconstructed and the particle
shape discerned. Disdrometers, generally, are designed for
snowflakes with larger dimensions and their size limit (pixel
size) is as large as 200 µm.

Another category of instruments uses camera systems
for optical imaging of snow particles. One example is SVI
(Snowflake Video Imager, Newman et al., 2009; in a newer
version also called PIP, Particle Imaging Package). It con-
sists of a video camera with a pixel resolution of 100 µm
and a halogen lamp which is placed approximately 2 m from
the camera for background illumination. The higher frame
rate (380 s−1) of PIP allows determination of the fall speed
with image analysis software that follows particles over sev-
eral frames. The ice crystal imaging (ICI) probe uses a high-
resolution charge-coupled device (CCD) camera system with
a pixel resolution of 4.2 µm (Kuhn and Gultepe, 2016). It
has also been used to measure fall speed by double exposing
snow particles using two flashes of illuminating light trig-
gered at a known time difference.

There are instruments designed for aircraft that have also
been used on the ground for snow measurements. CIP (cloud
imaging probe, see Baumgardner et al., 2001) is an optical
array probe and has been used on the ground as a GCIP
(Gultepe et al., 2014). VIPS is a video camera system (see
Appendix of McFarquhar and Heymsfield, 1996) with a high
pixel resolution. On the ground, it has been used for exam-
ple for ice fog particles with a pixel resolution of 1.1 µm
(Schmitt et al., 2013). CPI (Cloud Particle Imager, Lawson
et al., 2001) uses a CCD camera to produce shadow graphs
or images in cases where ice particles are in focus, with a
pixel resolution of 2.3 µm. All three instruments used aspi-
ration to produce similar inlet flows as encountered on the
aircraft.

Holographic imaging has the advantage of a larger depth
of field when compared to so-called “in-focus imaging”.
Shadow-like images of out-of-focus particles can be recon-

structed and their position determined. Holographic Detec-
tor for Clouds (HOLODEC) is an aircraft instrument (Fu-
gal et al., 2004) and HOLIMO (Holographic Imager) is a
ground-based instrument (Amsler et al., 2009). HOLIMO II,
a newer version, is used for ground-based in situ measure-
ments of particles in mixed-phase clouds (Henneberger et al.,
2013).

PHIPS (Particle Habit Imaging and Polar Scattering) uses
a combination of optical imaging and scattering (with po-
lar nephelometer). A first version of the instrument had a
high pixel resolution, better than the 2 µm optical resolving
power (Schön et al., 2011). The next version, PHIPS-AIDA,
added a second camera at an angle of 60◦ to the first cam-
era to produce stereo images and has been used for cloud
chamber experiments (Abdelmonem et al., 2011). MASC
(Multi-Angle Snowflake Camera) uses three cameras to im-
age snow from three angles, while simultaneously measuring
their fall speed with two sets of IR emitter–receiver pairs reg-
istering the shadow twice (Garrett et al., 2012). The cameras
are viewing horizontally and are separated by 36◦. Different
pixel resolutions may be used by the cameras, and the ver-
sion described by Garrett et al. (2012) used pixel resolutions
between 9 and 32 µm. Such multi-imagers provide more de-
tail about the 3-D structure of the snow particle that adds
valuable information to the microphysical data collected by
imaging instruments. This is useful, for example, to provide
better estimates of snow particle mass.

This work presents a novel instrument that uses two cam-
eras for simultaneous particle imaging and fall speed mea-
surement. It is called the Dual Ice Crystal Imager (D-ICI) and
is a development of ICI (Kuhn and Gultepe, 2016). The D-
ICI has two cameras; the first camera uses a horizontal view-
ing direction (side view), whereas the second camera views
the falling snow particle vertically (top view).

The cross-sectional area as seen from the top is better re-
lated to the particle drag and terminal fall velocity than the
area determined from the side view. Additionally, particle
size and area from the top view are also more useful when
comparing to optical remote sensing, which often uses verti-
cal viewing geometries too. Sections 2 and 3 describe the de-
sign of D-ICI and data processing methods; Sect. 4 presents
measurements to evaluate the instrument’s capabilities.

2 Instrument

2.1 Instrument setup

D-ICI uses passive sampling with a vertically pointing inlet.
Its setup can be seen schematically in Fig. 1.

Ice particles, i.e. small ice crystals, snow crystals, and
snowflakes, falling into the inlet will fall down the sampling
tube and traverse the optical cell. In the centre of the optical
cell is the sensing volume. If a particle is falling through the
sensing volume, it is detected by the detecting optics. Upon
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Figure 1. Schematic cut views of the setup of D-ICI. (a) Cut through a plane defined by the optical axes of the imaging optics showing
inlet, sampling tube, and the side- and top-view imaging optics and illumination; (b) perpendicular cut showing laser detection consisting in
laser, light trap, lens for collection of scattered light, and photodiode. In both panels, the optical cell with the sensing volume at its centre is
indicated by the image of an ice crystal (not to scale).

Figure 2. Two examples of ice crystals imaged in two viewing
geometries: top view and side view. The ice crystal shown in
panel (a) has a width of approximately 1.2 mm; the one in panel (b)
has a width of 0.4 mm. Both ice crystals in panels (a) and (b) use
the same scaling; for reference, a size bar with length corresponding
to 1 mm (and width of 10 µm) is shown.

detection, the ice particle is optically imaged from two dif-
ferent directions. Figure 2 shows examples of the pairs of
images resulting for each ice particle.

One of the two viewing directions looks horizontally from
the side, called the side view, and the other vertically from
the top, called the top view. The former will allow to mea-
sure the fall speed, if using a double exposure (see Sect. 3.3).
The latter will provide area and shape as seen in the vertical
direction, which are more relevant for fall speed and radiative
properties. Because particles fall vertically, an exact vertical
viewing geometry for the top view is difficult to achieve, as
part of the optics would obstruct the particles’ motion. There-
fore, the top view is a near-vertically viewing configuration
that looks through the optical cell inside the vertical sam-
pling tube at a shallow angle to the vertical axis (17 ◦). The
side view, on the other hand, uses exactly a horizontal view-

Figure 3. Photograph of D-ICI (door of enclosure is removed).

ing geometry. Figure 3 shows a photograph of D-ICI, and a
more detailed description is given in the following sections.

2.2 Inlet and sampling tube

Similarly to the ICI probe (Kuhn and Gultepe, 2016), also D-
ICI has a funnel-shaped inlet, wider at the top, with a sharp
upper edge (see Figs. 1 and 3). Ice particles fall freely into
this inlet. The inlet has a diameter of 25 mm at the top and
narrows down to an inner diameter of 8 mm. It is concen-
trically mounted atop of the vertical sampling tube with in-
ner diameter of 12 mm. Ice particles falling through the inlet
are therefore transferred into the sampling tube. After falling
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about 160 mm vertically through the sampling tube, ice parti-
cles come to the section containing the sensing volume. The
length of the sampling tube upstream of the sensing volume
is sufficient (more than 10 times the diameter of the sam-
pling tube) so that particles can relax from motion induced
by the wind and surface turbulence. However, higher wind
speeds may disturb fall speed measurements inside the sam-
pling tube. Hence, the fall speed of ice particles is not af-
fected by light wind or turbulence as the sampling tube is
shielding against them, whereas at higher wind speeds one
should use caution. Also, the collection efficiency of the in-
let will be affected by higher wind speeds, as observed for
snow gauges (Goodison et al., 1998), so that snowfall rate
and concentration measurements, which will be discussed in
Sect. 3.1, become more uncertain with stronger wind speeds.

2.3 Imaging optics

In the sensing volume (see Sect. 2.4), particles are optically
imaged by two imaging systems, each using a monochro-
matic CCD camera (Chameleon 1.3 MP Mono USB 2.0,
Point Grey, now FLIR) having a 1280×960 pixel sensor chip
with pixels that are 3.75µm× 3.75µm in size. These cam-
era systems are similar to the microscope optics used in ice
crystal imaging setups with single imaging systems (Kuhn
et al., 2012; Kuhn and Gultepe, 2016). They consist of a mi-
croscope objective followed by a tube lens, as indicated in
Fig. 1. For the horizontal view, i.e. side view, the microscope
objective (RMS4X, Thorlabs) has a focal length of 45 mm.
For the top-view system, the objective is a single convex lens,
a positive achromatic doublet (AC254-050-A, Thorlabs) with
focal length of 50 mm. This has, compared to the microscope
objective, a longer working distance of 43 mm, which is re-
quired for the top-view configuration.

The tube lens of the side-view optics is a positive achro-
matic doublet (AC254-045-A, Thorlabs) with the same fo-
cal length as its microscope objective (45 mm). As tube
lens of the top-view optics, the same achromatic doublet as
for its objective is used. Thus, the resulting magnifications
are the same for both systems (M = 1). Both camera sys-
tems have therefore a pixel resolution, i.e. the size of a fea-
ture of the imaged object that appears on the image as one
pixel, equal to the pixel size of 3.75 µm. Additionally, the
field of view (FOV) is equal to the exposed sensor area, i.e.
4.8mm× 3.6mm.

Both imaging systems use bright-field illumination from
the back. This is achieved by a light-emitting diode (LED)
with a simple focusing lens optics allowing for an even il-
lumination of the FOV. Each of these two lens–LED config-
urations is arranged along the optical axis of the respective
imaging optics on the opposite side of the sensing volume
(see Fig. 1). While this illumination scheme reveals some
details of the inner structure for most snow particles, due to
orientation or particle complexity, some parts of the particle
can become opaque for the illumination (see, for example,

the particles in Fig. 2). This can be considered a limitation of
the current illumination setup. However, the details that can
be seen on one or both of the high-resolution images (top
and side view) will allow shape classification in most cases
(Vázquez-Martín et al., 2020).

The top-view optical system uses a mirror between the
sensing volume and the objective lens. This allows to fold
its optical axis so that it is parallel to the optical axis of the
side-view system for a simpler mechanical setup.

2.4 Detection and sensing volume

The sensing volume, i.e. the volume in which particles are
detected and imaged, is defined as the intersection of the
laser beam for detection with the overlapping FOVs of the
imaging systems. The laser beam, which has a wavelength
of 650 nm and power of 1 mW, is aligned perpendicular to
the optical axes of both imaging optics. It is shaped by an
aperture to about 1 mm horizontal width, which corresponds
approximately to the depth of focus of the side-view cam-
era. The laser beam is further shaped by a cylindrical lens
(LJ1960L1, Thorlabs) with focal length of 20 mm such that
its vertical height, originally about 3 mm, is focused to ap-
proximately 0.1 mm in the centre of the FOV of the side-view
camera. Thus, the laser beam forms a light sheet with width
of approximately 1 mm and height of 0.1 mm. Both the side-
and top-view cameras are focused so that their focal planes
are aligned with this resulting laser sheet. As a consequence,
all detected particles are in focus for both images.

To determine the snowfall rate or the snow crystal number
concentration, the sensing area, i.e. the area through which
detected particles fall, needs to be known rather than the
sensing volume. The sensing area is the horizontal cross sec-
tion of the sensing volume (i.e. the cross section perpendicu-
lar to the vertical falling motion). The area is therefore given
by the product of the width of the FOV of the cameras and
the sum of laser beam width (1 mm) and particle size. This
sum has to be used instead of laser beam width only, be-
cause particles that are only partially in the laser beam will
be detected too. Thus, the sensing area is size dependent
(larger particles have a larger sensing area). When assum-
ing a constant sensing area corresponding to a particle size
of 500 µm, the concentrations of particles larger than this
size would be overestimated. This overestimation is compen-
sated by the size-dependent probability of a particle to touch
one of the image borders. Larger particles are more likely to
touch an image border, i.e. to be partially outside the image.
Such ice particles that touch one image border are therefore
excluded from data analysis (see Sect. 3.2). This exclusion
from further analysis results in an underestimation of larger
particles, hence compensating the overestimation due to size-
dependent sensing area. Thus, the assumption of a constant
sensing area does not cause a significant uncertainty, as was
also discussed by Kuhn and Gultepe (2016), and the sensing
area to be used is 4mm× (1mm+ 500µm)= 6mm2. Here,
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we use 4 mm as FOV instead of 4.8 mm mentioned earlier
due to the fact that the FOV of the top-view camera is some-
what restricted as a consequence of incomplete illumination
of the whole camera FOV (see Sect. 3.2 and Fig. 4 for an
example of a complete image).

Scattered light from the part of the laser beam within
the sensing volume is collected and focused on a photodi-
ode (FDS010, Thorlabs) by two plano-convex detector lenses
(LA1951-A, Thorlabs). The photodiode is located along the
axis of the laser beam, which is stopped by a light trap
mounted in the centre of the first lens. The diameters of
the light trap and the lens tube holding the detector lenses
are such that the photodiode detects light scattered by ice
particles in the sensing volume in near-forward direction in
the range of scattering angles between approximately 10 and
32◦. The photodiode has a circular sensitive area with a di-
ameter of 1 mm. Its small area means that most particles that
are outside the sensing volume, but still in the laser beam,
do not scatter light that can be detected by the photodiode.
This minimizes false triggers; i.e. detected scattering leading
to empty images as particles are outside the FOVs of the two
cameras.

The current of the photodiode is converted to a voltage
and amplified (effective current-to-voltage amplification of
2.2 M�). The resulting photodetector voltage, proportional
to the scattered light’s intensity, is compared to a thresh-
old voltage (approximately 0.15 V). A trigger signal is is-
sued whenever the photodetector voltage is larger than this
threshold. The trigger signal is used to trigger the two im-
ages to be taken of the detected ice crystal as well as the
two background-illuminating LED flashes. Hence, all parti-
cles larger than a certain threshold size are detected and then
imaged. With the help of Mie scattering calculations (see,
e.g. Bohren and Huffman, 1983) this threshold size (diameter
of spherical ice) can be estimated as approximately 10 µm.

2.5 Computer and data collection

Both imaging systems are triggered by the same signal (see
Sect. 2.4). To guarantee simultaneous imaging by the two
cameras, each of the two imaging systems has its own dedi-
cated computer for operation and data collection. In this way,
there are no particular requirements about the computer’s
performance, and two Raspberry Pi devices are used for D-
ICI. Each computer stores its own image data on an SD card,
which is connected to the computer’s USB port via a card
reader. One of the two computers acquires also temperature
inside and outside the instrument, registered by two thermis-
tors, and the outside relative humidity with a HIH-4000 sen-
sor (Honeywell) with an accuracy of ±3.5%.

Both computers are connected to a network via ethernet
cables. This allows to synchronize them with each other.
Consequently, corresponding side- and top-view images can
be recognized by their time stamp, which is part of the file
name. Both computers can be accessed through an additional

laboratory or office computer, which is connected to the same
network via cable or internet, if the network provides inter-
net access. Data can then be retrieved using this laboratory
computer.

Alternatively, the SD cards can be collected to copy the
image data. Then, the image data will be processed by the
laboratory computer as described in Sect. 3.2.

3 Methods

3.1 Snowfall rate and number concentration

While the focus of D-ICI is high-resolution images for shape
and fall speed measurements, snowfall rate and number con-
centration can also be determined from the acquired data.

For that, snowfall rate rs is defined here as number of snow
crystals falling on a given area during a given sampling time
t . The inlet is sampling falling snow crystals from a larger
area than the cross section of the sampling tube, which re-
sults in an enhanced number of snow crystals in the sampling
tube. To account for this enhancement, an effective sensing
area A is used. It is larger than the sensing area by a fac-
tor equal to the ratio of the areas of the 25 mm inlet and
the 12 mm sampling tube, i.e. a factor of 4.3. This yields
A= 4.3 · 6 mm2

= 26 mm2. Then, rs is determined as num-
ber of snow crystals N divided by the effective sensing area
A and sampling time t :

rs =
N

At
. (1)

The number concentration n is calculated from N divided
by the sampling volume V . To determine V , a constant fall
speed v of 0.5 m s−1 is assumed, which corresponds ap-
proximately to the average fall speed of the data used here.
With this assumption, the effective sampling flow rate of D-
ICI becomes Av = 13 cm3 s−1. Finally, n is calculated using
Eq. (2).

n=
N

V
=

N

Avt
(2)

The size dependencies of the sensing area and the proba-
bility of the particle being partially outside the FOV cancel
out to a good approximation (see Sect. 2.4). This size depen-
dency may be corrected, and the correction factor for number
concentration would vary between 1.07 and 1.09 for particles
with maximum dimensions between 1.0 and 2.0 mm, reach-
ing down to a minimum of 1.03 for particles of 1.4 mm. For
particles down to 0.5 or up to 2.5 mm, it would increase to
approximately 1.25.

The assumption of constant fall speed v of snow parti-
cles, mentioned above, introduces a new uncertainty. When
the constant speed of 0.5 m s−1 is overestimating the ac-
tual particle fall speed, the concentration n of these parti-
cles is underestimated. And conversely, underestimating the
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speed results in overestimating concentration. About two-
thirds of the data used here had fall speeds between 0.3
and 0.85 m s−1; this means that for those particles the error
in concentration ranges from, respectively, underestimating
concentration by about 40 % to overestimating it by 70 %.
This may be corrected for with correction factors based on
measured fall speed, which would then vary for the two-
thirds of data considered here between about 1.7 and 0.6,
respectively.

An additional uncertainty in estimating the effective sens-
ing area resulting from the uncertainty in determining the
laser beam width, which may be on the order of±20 %, how-
ever, is difficult to measure.

These uncertainties affect both n and rs. We have not yet
verified the uncertainties experimentally. Also, wind speed,
likely affecting these measurements (Goodison et al., 1998),
has not been considered yet. Hence, n and rs determined with
D-ICI using the assumptions and estimates outlined above
should be considered estimates of the actual number concen-
tration and snowfall rate.

3.2 Image processing

The images have pixels with grey levels between 0 (black)
and 255 (white). An automated image processing algorithm
is applied to all top-view images to retrieve ice particle size,
area, area ratio, and aspect ratio. It first removes non-particle
features from the background. Then, the particles on the im-
ages are detected and their edges are found. This algorithm
has been used by Kuhn and Gultepe (2016); Vázquez-Martín
et al. (2020) and is a simplified implementation in Matlab
of the algorithm described in Kuhn et al. (2012). Here, we
summarize this implementation briefly. In the following, the
different steps of the algorithm are described, of which some
are shown in Fig. 4 for an example image.

A background image without any ice particle is used to
correct for uneven background illumination, i.e. remove non-
particle features from the background. For this, the differ-
ence between background and image to be analysed is de-
termined. The difference is positive where the presence of a
particle makes the image darker than the background. For re-
gions where the image is brighter than the background, the
resulting negative values are set to zero. These are usually
only regions within an ice particle where transmitted light
can appear as a brighter spot, surrounded by darker features
or the edge of the particle. Now, images are rejected from
further analysis if no particle was captured on them, i.e. im-
ages that are very similar to the background. For this, a lower
threshold is applied to the difference. The image is rejected
if the difference does not exceed the threshold for any pixel.
A suitable threshold is 30; images with ice particles exceed
this by a large margin.

Then, for the remaining images, the difference to the
background is first scaled to increase the dynamic range of
grey values. This is done for each pixel individually, so that

Figure 4. Automated image processing steps shown for an example
image. Panel (a) shows the original image; (b) cleaned image (back-
ground features removed); (c) binary mask, where logical True val-
ues correspond to regions on the cleaned image that are darker than
the grey-level threshold, here shown as black; (d) gradient matrix
computed from the cleaned image, with values scaled to grey lev-
els for representation (largest gradient value corresponds to black
and zero gradient to white). See description in text for details of the
processing procedure. The resolution is indicated by a size bar of
1 mm.

the possible maximum difference (when the image pixel is
black), at any background pixel becomes 255. Effectively,
the scaling factor at any pixel is 255/bg, where bg is the
grey level of the corresponding background pixel. To avoid
large scaling factors where the background is dark (bg is
small), the factor is limited to 2.5. For very dark background
(bg< 20) the scaling is set to 1. This scaled difference is then
inverted by subtracting it from 255, so that the resulting grey-
level image represents the image cleaned from background
features. This can be seen for an example image in Fig. 4,
where Fig. 4a shows the original image and Fig. 4b the im-
age after the background has been removed. Regions of the
original image that were identical to the background or had
brighter spots are now white (255) in this cleaned image, and
regions where the original image was darker than the back-
ground show now grey levels (< 255).

The following steps in the image processing apply to the
cleaned image resulting from the background removal de-
scribed above. For detecting in-focus particles, two thresh-
olds are applied: a grey-level threshold and a gradient thresh-
old. The grey-level threshold is used to find particles and
their edges, and the gradient threshold is used to reject out-
of-focus particles. First, images that do not have any pixel
darker than the grey-level threshold are discarded. This re-
jects particles that are much out of focus. Then, a binary
mask, i.e. a black-and-white image, of the same dimension as
the original image is created where logically True entries rep-
resent image pixels that are darker than the grey-level thresh-
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old. The binary mask is then smoothed to remove variations
at the 1-pixel level, which are considered to not reflect the
actual variations in the edge of the ice particle. The smooth-
ing is achieved by first dilating each True pixel in the bi-
nary mask so that the four neighbouring pixels (above, be-
low, right, and left) will also be True. Then, the dilated binary
mask is eroded, to restore its original size, by setting the four
neighbours of each False pixel to be also False. Between the
dilation and erosion steps, the binary mask is also filled, i.e.
all pixels that are False but completely enclosed by True pix-
els are converted to True. This will include the brighter spots,
which many ice crystals show on the images, to the particle
they belong to. Then, on the resulting black-and-white im-
age (see example in Fig. 4c), ice particles are represented
by connected True pixels in the binary mask. All particles,
i.e. regions of connected pixels that are now included in this
binary mask, are then identified and their edges are found
(with the Matlab function bwboundaries). For each particle,
this results in both a list of coordinates of the edge pixels and
a mask containing all pixels that belong to the particle. Each
particle can then be processed individually.

Firstly, out-of-focus particles are rejected. For this pur-
pose, a gradient matrix is computed from the image. The val-
ues of this matrix are used as a parameter indicating in-focus
or out-of-focus particles. For computing the gradient values,
the image is filtered (using the Matlab function imfilter) with
a Sobel horizontal edge-emphasizing filter (generated with
the Matlab command fspecial(“sobel”)) and its transpose,
i.e. with the corresponding vertical filter. The resulting ma-
trices represent the horizontal and vertical gradients, respec-
tively. The values of the gradient parameter are then calcu-
lated as the sum of the absolute values of these horizontal
and vertical gradients (Kuhn et al., 2012). For each particle,
the maximum gradient value of all pixels associated with that
particle is then compared to the gradient threshold. The par-
ticle is rejected as out of focus if this maximum is lower than
the threshold. For the example image of Fig. 4, two ice par-
ticles are found using the grey-level threshold (see Fig. 4c);
however, one of these two particles is rejected based on the
low values in the gradient matrix (shown in Fig. 4d).

Secondly, particles with apparent problems are marked
with quality flags. A particle that is in part out of focus can
sometimes have parts of the edge not being detected, yielding
an apparently fragmented edge with narrow gaps. Similarly,
if thin ice particle features result in brighter pixels than the
grey-level threshold, a fragmented edge is the consequence.
To account for this, two or more detected particles that appear
very close to each other are joined and the resulting particle
is marked as being “fragmented”. The area of such a parti-
cle as determined from the detected pixels will be too small.
The resulting error is not large, because the gaps are only
small, and by joining the fragmented pieces, the particle may
still be considered. However, being marked, it can also eas-
ily be excluded from further analysis. An example of an ice
particle detected with fragmented edge is given in Fig. 5b).

Figure 5. Detected edges of processed ice particle images. The
edges are shown in red and have been enlarged to a thickness
of 3 pixels for better visibility in this figure. One example, panel
(a) shows the edge of the ice particle from Fig. 4. The smallest cir-
cle enclosing the particle is shown with a dashed line; its diameter,
i.e. the maximum dimension of the ice particle, is 1.34 mm (or 358
pixels). The other example in panel (b) shows an ice particle that
has been detected with fragmented edge due to parts of the actual
particle edge being too bright (see text for more details).

Figure 6. Examples of ice particles flagged as“on-border” (on the
right side of the image) and “in-darkregion” (on the left side of the
image). The original image (a) and the image after background re-
moval (b) are shown.

The other ice particle in the same figure shows the unfrag-
mented edge of the example particle from Fig. 4. In addition,
particles that are touching the image border are marked with
another flag as “on-border”. Their size and area are underes-
timated as they are in part outside the image. Thus, using this
flag, they can be excluded from analysis when size and area
matter. Figure 6 shows an example of an ice particle with
the “on-border” flag. A further problem is related to incom-
plete illumination of the top-view images due to restricted
geometry in the longer light path in top-view compared to
side-view optics. This results in dark corners where ice par-
ticles cannot be seen. Consequently, also particles touching
these dark corners have to be excluded from analysis as their
size cannot be known, similarly as for “on-border” particles.
To allow this, these particles are marked with an additional
flag as “in-darkregion” when they have at least 1 pixel within
the dark corners. For this, a mask containing the correspond-
ing dark pixels (darker than a certain threshold) in the corner
regions is constructed from the background image. Figure 6
shows an example of an ice particle with the “in-darkregion”
flag.
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Lastly, area and size information is determined for each
detected ice particle. As a parameter describing a character-
istic size of the detected particle we are using maximum di-
mension, i.e. the diameter of the smallest circle that com-
pletely encloses that particle on the image (see Fig. 5 for an
example). The area corresponds to the number of pixels that
represent the particle in the binary mask. Both size and area
are given in units of pixels. They are then converted to actual
length and area by multiplication with the pixel resolution
and squared pixel resolution, respectively.

As this method is the same as used for the imager de-
scribed by Kuhn et al. (2012), which used similar optics,
sizing accuracy is expected to be similar. There, the deter-
mined size of a small particle (about 50 pixels in size) var-
ied by about 2 pixels when the location within the depth of
focus was changed. Larger inaccuracy is avoided by reject-
ing out-of-focus particles. To this uncertainty, 1 pixel should
be added to account for uncertainty of particle edge loca-
tion. Thus, a combined sizing accuracy of approximately
10 µm (or 3 pixels) is expected for D-ICI. Consequently, for
a 200 µm particle, the expected error in area should be on the
order of 10 %.

3.3 Fall speed measurement

The side-view camera can be operated in a fall speed mode,
in which the falling ice particle is captured twice on the same
image by using a double exposure. This concept has been
tested with ICI in a configuration without inlet, so that ice
particles could freely fall through the instrument (Kuhn and
Gultepe, 2016). For D-ICI, the inlet and sampling tube are
designed so that particles fall vertically undisturbed before
they reach the sensing volume; thus, the setup does not need
to be modified to allow measurements of fall speed. In the
fall speed mode, two very short illumination flashes are used,
which have a time separation of1t = 1.26ms±0.01ms. This
time difference is long enough to yield a clear separation of
the two particle appearances on the image, but also short
enough so that the particle does not fall out of the vertical
FOV of the imaging optics. Thus, the particle’s fall speed v
can be determined from the vertical fall distance1s, as mea-
sured on the image, and the time separation 1t of the two
exposure flashes simply as

v =
1s

1t
. (3)

The vertical fall distance 1s is measured by manual in-
spection of the side-view images. Two or three points at ex-
tremes of each particle to be analysed (e.g. a far right corner
and far left corner point) are identified and their coordinates
on the image are recorded. The same points are then also
identified and recorded on the second appearance of the par-
ticle on the image, and the vertical distance is determined
as the difference of the vertical coordinates of pairs of cor-
responding points of the two appearances. From the two or

three vertical distances determined in this way, an average
vertical fall distance is calculated.

While falling, the difference of the horizontal coordinates
is usually close to zero. Such a difference could be caused
by sideway or rotating (tumbling) motion. Horizontal winds,
which affect other instruments, with an open sampling vol-
ume, such as PIP and MASC, do not cause a sideway motion
in the enclosed sensing volume of D-ICI. Thus, only a tum-
bling particle can be responsible for a difference of the hori-
zontal coordinates, and tumbling of ice particles is not often
seen (see Sect. 4.2). If it occurs, it is detected by significantly
different values of the individual vertical distances measured
for a point on the right and left sides of the particle, respec-
tively, so that particles that are tumbling too much may be ex-
cluded from analysis of fall speed data. When tumbling, one
side of the snow particle falls faster and one slower than the
average that is determined from the averaged fall distances
1s. Thus, by rejecting tumbling particles, e.g. those that ro-
tate by more than 10◦, the error in fall speed can be limited
to approximately 7 %. Uncertainties in 1t have a negligible
effect on fall speed error. Also, the error related to accuracy
of point selection (about 2 pixels), which translates to an ad-
ditional uncertainty in 1s, is only on the order of 1 %.

While side-view images are not processed automatically,
the top-view images are (see Sect. 3.2). Results from this
automatic processing of top-view images provide size, area,
area ratio, and aspect ratio for the particles, whose fall speeds
are determined from the corresponding side-view images.

4 Measurements

4.1 Images and shapes

According to the design, the pixel resolution should be equal
to the pixel size of the CCD cameras, 3.75 µm (see Sect. 2.3).
This has been confirmed by imaging a calibration target, a
graticule with 10 µm per division and total length of 1 mm.
The lengths in pixels corresponding to 1 mm from several
such images have been converted to pixel resolutions yield-
ing an average of 3.74 µm pixel−1 with a standard deviation
of 0.02 µm pixel−1 for the side-view imaging optics, and,
from separate images, the same values for the top view.

Figure 7 shows a few examples of ice particle images from
snowfall in early winter (23 October 2014 in Kiruna), when
the ambient surface temperature was about −5 ◦C. Each ice
particle is shown in the two views, where the top view is
shown above the corresponding side view.

These detailed images of ice particles allow to recognize
their shapes. On 23 October 2014, the ice particles had pre-
dominantly bullet-rosette and similar shapes, but also plate-
like and capped-column shapes (see Fig. 7). On another day,
19 October 2014, with similar ambient surface temperatures
of about −3 to −6 ◦C, two dominant shapes were observed:
graupel (heavily rimed snow crystals) and rimed needles (see
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Figure 7. Ice particles as imaged in two viewing geometries: top
view and side view. Each ice particle is shown as a pair of these
two views, with the top view always above the corresponding side
view. Eight particles are shown in two rows (a, b) of such pairs.
All images have the same resolution; for reference, a size bar with
length corresponding to 1 mm is shown.

Figure 8. Example images of the two shapes, graupel (a) and rimed
needles (b), from the snowfall measured on 19 October 2014. For
reference, a size bar with length corresponding to 1 mm is shown.

Fig. 8). Most of the rimed needles on that day seemed to
be agglomerates or ensembles of two or more single needles
(called bundles of needles by Magono and Lee, 1966).

4.2 Fall speed

Figure 9 shows examples of double-exposed images from the
side view, showing the falling ice particles twice, used to de-
termine fall speed. The data considered in the following are
from 19 October 2014, a day with relatively low wind speeds
with on average 2 m s−1 (as measured at the nearby Kiruna
airport). Therefore, we do not consider these data to be af-
fected much by issues related with higher wind speeds. The
images from 19 October 2014 (Fig. 9a) also include a few
drizzle droplets. The heavy riming on that day indicates the
presence of cloud droplets, and the imaged drizzle droplets

Figure 9. Example side-view images of doubly exposed falling
ice particles. The fall speed is determined from the vertical sep-
aration of the two instances of the particle on the same im-
age. Panel (a) shows measurements from 19 October 2014;
panel (b) shows measurements from 23 October 2014. For refer-
ence, a size bar with length corresponding to 1 mm is shown.

originate from such cloud or fog droplets that have grown
large enough to precipitate and fall into the inlet of D-ICI.
They were, with only very few exceptions, smaller than all
snow particles.

One of the particles shown in Fig. 9b is tumbling (right-
most ice particle). The rotation, around an axis perpendicu-
lar to the image plane, of the particle between the two ex-
posures is approximately 8◦, which still seems acceptable
if one wants to determine fall speed with an error of be-
low about 10 %. Hence, 10◦, or perhaps up to 15◦, may be
used as limit, above which the image has to be discarded for
fall speed measurement. Selecting a few days randomly and
analysing the ice particle images on those days (total of 946
particle images) yields that approximately 8 % of ice parti-
cles are tumbling by more than an angle of 10◦, and only 3 %
more than 15◦. This means that particles in general tumble
somewhat; however, the majority of ice particles tumble so
little in the time between the two side-view exposures that
fall speed can still be measured.

4.3 Cross-sectional area

Using the top-view images, the ice particles’ projected area
in the fall direction (i.e. area projected on a surface per-
pendicular to the vertical fall direction) can be determined.
Figure 10 shows these projected, or cross-sectional, areas A
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Figure 10. Area A versus maximum dimension D from snowfall
measured on 19 October 2014 between approximately 06:00 and
19:00 UTC. Fits to all data (black dots) and to three subsets corre-
sponding to graupel, rimed needles, and droplets are shown as lines
in the same colour as the corresponding data points. For compar-
ison, a grey line indicates the cross-sectional area of spheres. In
addition, two relationships reported by Mitchell (1996, referred to
as M96 in the legend) are shown as thinner lines: one for rimed long
columns (magenta) and one for lump graupel (blue).

from snowfall measured on 19 October 2014 between ap-
proximately 06:00 and 19:00 UTC (at temperatures on the
ground between−3 and−6 ◦C) as a function of particle size,
i.e. maximum dimension D, also determined from the top-
view images. On this logarithmic plot, the cross-sectional
area of spheres having a diameter equal to the maximum
dimension is represented by a straight line given by A=
π/4 ·D

2. A power law A= γDβ can be fitted to the data to
find the parameters γ and β.

For the data shown in Fig. 10, this yields A= 4.72 ·
10−11 m2

·D1.24,D in µm, with a correlation coefficientR2
=

0.71.
When the ice particles are classified according to their

shapes, power laws can be fitted to the resulting subsets of
data to find relationships describing area for specific shapes.
On 19 October 2014, two dominant shapes were observed:
graupel and rimed needles (see Fig. 8). The fitted power laws
for these two shapes are indicated in Fig. 10 by coloured lines
and are given by

graupel : A= 7.89 · 10−13 m2
·D1.93, (R2

= 0.97) (4)

rimed needles : A= 1.63 · 10−12 m2
·D1.64,

(R2
= 0.78), (5)

with D in µm. The groups of particles used for these fits are
shown in Fig. 10 as coloured symbols and correspond to a
selection of the most compact-looking graupel and almost
all particles that could be identified as rimed needles.

The images from 19 October 2014 also show a few drizzle
droplets, which can be seen in Fig. 10 with areas very close to
the area–dimension relationship for spheres. Droplets are the

Figure 11. Fall speed versus maximum dimension D for snowfall
measured on 19 October 2014 between approximately 06:00 and
19:00 UTC. Fits to all data (black dots) and to three subsets corre-
sponding to graupel, rimed needles, and droplets are shown as lines
in the same colour as the corresponding data points. In addition, two
relationships predicted from area and mass relationships using the
method reported by Mitchell (1996, Eqs. 12 and 20, referred to as
M96 in the legend) are shown as thinner lines: one for rimed long
columns (magenta) and one for lump graupel (blue).

smallest particles measured by D-ICI on that day, with max-
imum dimensions of below 200 µm for the smallest droplets.
Due to their spherical shapes, the determined area ratios were
very close to 1, and all particles with area ratio larger than 0.9
were droplets. For these, the fitted area–dimensional power
law is A= 6.79 · 10−13 m2

·D2.02 (D in µm, R2
= 1.00),

which is very close to the cross-sectional area of spheres.
When looking at the area–dimensional relationship for a

certain shape, the fit to the power law can be very good. An
exception here are rimed needles. However, they still have a
fairly good fit, better than the fit to all data with one com-
mon power law, which would predict poorly the area for
any of the shapes here, droplets, graupel, and rimed needles
(see Fig. 10). Figure 10 also shows for comparison two re-
lationships reported by Mitchell (1996): one for rimed long
columns (as a thin line in magenta) and one for lump graupel
(blue). While the latter agrees very well with our graupel,
the rimed long columns have a larger cross-sectional area
than our rimed needles, which one would expect for columns
compared to thinner needles.

4.4 Fall speed measurements

Figure 11 shows the fall speeds versus the maximum dimen-
sion of individual ice particles from the snowfall measured
on 19 October 2014. The spread of the data is consider-
able, and fitting to a power law of the form v = cDb yields
v = 0.55ms−1

·D−0.019 (D in µm) with R2
= 0.0004; i.e. no

dependence of speed on size is found, indicated by the ex-
ponent b and R2 being close to zero. The parameter c coin-
cides with the average fall speed of 0.55ms−1. As mentioned
in Sect. 4.3, the dominant shapes on that day were graupel
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and rimed needles. Using the subsets of the data representing
these two shapes, now fits to the power law reveal signif-
icant correlations for graupel. However, for rimed needles,
the power law does not fit the data well. The results from
these fits are

graupel : v = 0.0013 ms−1
·D0.98, (R2

= 0.83), (6)

rimed needles : v = 0.020ms−1
·D0.41,

(R2
= 0.054), (7)

with D in µm. These fitted power laws are shown in Fig. 11
as solid lines. The relationships for area (see Fig. 10) and
mass reported by Mitchell (1996) can be used to derive the
corresponding fall speed (Mitchell, 1996, Eqs. 12 and 20).
The resulting relationships for rimed long columns and one
for lump graupel are shown in Fig. 11 for comparison. As
for area, the relationship for lump graupel agrees well with
the D-ICI graupel measurements, whereas there are differ-
ences for rimed long columns compared to our rimed nee-
dles. These discrepancies are probably related to the larger
area and mass of columns compared to needles.

The figure also shows the fall speed measured for the driz-
zle droplets. As expected, the droplets have the strongest
dependence on size. With increasing complexity of particle
shape, from droplets over graupel to rimed needles, the size
dependence becomes weaker, the spread in data larger, the
speed (at same size) slower, and R2 of the fit to a power
law smaller. Droplets have the simplest shape (spherical),
and also the largest area ratio of larger than 0.9. The com-
pact graupel particles that have been selected to fit the fall
speed–size relationship have a somewhat lower area ratio, on
average 0.63 (with standard deviation of 0.08). Rimed nee-
dles have the lowest area ratio of on average 0.17 (SD 0.04).
Thus, one can also observe that with decreasing area ratio
the size dependence of fall speed becomes weaker and at the
same time the fit to the power law worsens. So, if instead of
compact graupel all particles with area ratios between 0.25
and 0.9 are selected, a group that includes graupel with more
structure and smaller area ratio compared to compact grau-
pel, then we expect the fit quality to deteriorate. And in fact,
for this group with an average area ratio of 0.56 (SD 0.15),
the results of a fit are v = 0.0079m s−1

·D0.66,D in µm (with
R2
= 0.20).

5 Summary

We have described the Dual Ice Crystal Imager (D-ICI), a
ground-based in situ instrument to determine snow ice crys-
tal properties and fall speed simultaneously. Dual images are
taken of detected snow particles using two CCD cameras that
image along a horizontal and close-to-vertical viewing direc-
tion, respectively. The horizontal, or side, view is used to de-
termine fall speed from images taken with double exposures.

The close-to-vertical, or top, view is used to determine size
and area.

Both cameras use the same pixel resolution of approx-
imately 4 µm pixel−1. The high-resolution images provide
enough detail to determine shape in most cases. Having two
views of the same particle helps to avoid ambiguities in shape
determination that may arise, if only one image were used,
due to either an unfavourable particle orientation or particle
complexity obscuring internal structure in the current illu-
mination setup. Hence, D-ICI can be used for classification
studies (Vázquez-Martín et al., 2020). Microphysical proper-
ties may then be studied specifically for certain shapes. The
necessity to discriminate shapes has been demonstrated by
fitting one common power law for area versus size to all data
during a certain measurement period. The relationship that
has been found would fit the area poorly for any of the shapes
encountered in that period, droplets, graupel, and rimed nee-
dles. By selecting subsets of the data corresponding to certain
shapes, better fitting relationships have been found and re-
ported (see Sect. 4.3). Similarly, fall speed–size relationships
have been found to differ from shape to shape with varying
correlations, which, however, are all better than correlation if
shape is not considered (see Sect. 4.4). Thus, an instrument
that allows to discern shape and measures fall speed at the
same time is required.

Snow particles fall some distance vertically through the
sampling tube before images are taken, from which speed
is derived. Therefore, the fall speed measurements of D-ICI
are not affected by the vertical component of the wind speed
or by turbulence close to the ground. The accuracy of fall
speed measurements has been discussed and is mainly lim-
ited by tumbling of snow particles. However, tumbling is not
observed frequently. Rejecting particles that tumble with a
rotation of more than 10◦ as detected on the side-view im-
age, the error can be limited to 7 %.

Snow particle size and area are determined from top-view
images, i.e. as projected along the vertical fall direction.
These properties are more appropriate than the same prop-
erties determined from a horizontal view, as done by most
instruments, when studying relationships to the fall speed
or comparing to vertically pointing remote sensing measure-
ments.
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Abstract: We present ground-based in situ snow measurements in Kiruna, Sweden, using the
ground-based in situ instrument Dual Ice Crystal Imager (D-ICI). D-ICI records dual high-resolution
images from above and from the side of falling natural snow crystals and other hydrometeors with
particle sizes ranging from 50 µm to 4 mm. The images are from multiple snowfall seasons during
the winters of 2014/2015 to 2018/2019, which span from the beginning of November to the middle
of May. From our images, the microphysical properties of individual particles, such as particle
size, cross-sectional area, area ratio, aspect ratio, and shape, can be determined. We present an
updated classification scheme, which comprises a total of 135 unique shapes, including 34 new
snow crystal shapes. This is useful for other studies that are using previous shape classification
schemes, in particular the widely used Magono–Lee classification. To facilitate the study of the shape
dependence of the microphysical properties, we further sort these individual particle shapes into
15 different shape groups. Relationships between the microphysical properties are determined for
each of these shape groups.

Keywords: natural snow crystals; hydrometeors; classification; shape; microphysical properties

1. Introduction

The shape of ice particles is an important characteristic that affects the radiative impact of clouds.
Accurate knowledge of the microphysical properties of clouds, including particle shape, is important
in order to assure accurate cloud parameterizations in climate and meteorological forecast models,
e.g., that presented in References [1,2]. Realistic cloud microphysical parameterizations are also
essential for most cloud retrievals from satellite measurements. For instance, in order to retrieve
quantities such as cloud water path or cloud effective radius, the underlying assumptions of particle
shape, size, and distribution have a massive impact on the retrieval itself [3,4]. The unavoidable
sensitivity of satellite retrievals to assumptions on ice particle properties, such as particle size, area,
and the shape of snow crystals, is one of the dominating sources of uncertainties in cloud retrievals [5].
Although satellite observations of clouds are important validation sources for models, the role of
clouds still poses one of the most substantial uncertainties in modeling the climate [6].

The shape of the snow crystals, which this paper primarily concerns, is formed by deposition,
riming, aggregation, or a combination of these mechanisms [7]. Deposition refers to the process of
water vapor freezing (depositing) onto ice nuclei or an existing ice crystal. If the ice crystals are in an
environment with supercooled water droplets, these droplets may collide with and freeze onto the
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crystals, forming an icy surface layer and riming the crystal. As the snow crystals grow, they are more
likely to collide with one another and to join together in a process called aggregation. The snowflake
typically encounters several different temperature and humidity environments as they grow, resulting
in a great variety of shapes, such as needles, stellar, plates, and graupel [8–17].

Nakaya and Sekido [8] developed a snow crystal morphology diagram (“Nakaya Diagram”) tying
the growth conditions of snow crystals to water vapor supersaturation (relative to ice) and temperature.
This diagram has been adapted and translated into English by Libbrecht [16].

In 1951, the International Commission of Snow and Ice (ICSI) and the International Association of
Cryospheric Sciences (IACS) characterized snow crystals into ten main shapes: plates, stellar crystals,
columns, needles, spatial dendrites, capped columns, irregular particles, graupel, ice pellets, and hail.
This classification, called the “Abstract of the International Classification for Snow” [18], is still used to
distinguish different types of snow, including snow on the ground [19].

However, for some purposes, a more detailed classification is desirable. Magono–Lee [20]
published a categorization scheme, still widely used, that catalogs snow and crystals into 80 categories.
This classification scheme will, from now on, be referred to as the Magono–Lee classification. It divides
shapes into categories and subcategories, allowing a logical shape labeling. For example, the shape
“C1f” is a hollow, simple, columnar crystal, where C is columnar crystal, 1 is simple, and f is hollow.

More recently, Kikuchi et al. [21] presented an extensive revision of the Magono–Lee classification
which catalogs snow crystals and other solid precipitation particles into 121 categories. This revised
classification uses levels and sublevels in a similar way to Magono–Lee. However, Kikuchi et al. [21]
merged the two main levels N (needles) and C (columns), and consequently, some shapes that already
existed in Magono–Lee received new labels.

There are also situations where a less detailed classification with only a few shapes is more
desirable to use. For instance, the Abstract of the International Classification for Snow by ICSI and
IACS provides a less detailed classification. However, instead of using two completely different
classification schemes depending on how much detail one needs, it may be more practical to use one
scheme, which allows for more or less detail. The Magono–Lee classification is such a scheme since
it has different levels, and the main level with its eight categories could constitute one such coarse
classification with less detail. Using Magono–Lee enables comparison with many previous studies
that have used this classification. Additionally, using a less detailed classification defined by a few
shape groups, which are based on the detailed Magono–Lee scheme, results in a classification method
that is both flexible and compatible with previous classifications. On the one hand, updating the
highly detailed underlying classification of Magono–Lee by only adding new shapes would guarantee
compatibility with previous studies. On the other hand, grouping the shapes into shape groups
would make it possible to accommodate the needs of studies that do not require or desire such a high
level of detail. Regrouping for specific studies is very easy since the underlying shapes use the same
classification, and the eight main-level categories of Magono–Lee would only define one of many
possible ways of grouping.

Therefore, this study aims to first update the previous snow shape classification scheme of
Magono–Lee by adding newly found shapes, then to sort particles into different shape groups,
and finally to study the average microphysical properties of these shape groups. Hence, the study
effectively aims to analyze the shape dependence of the snow particles’ microphysical properties.
For this, we present a dataset of falling snow particles that have been collected in Kiruna in
northern Sweden with the new ground-based instrument Dual Ice Crystal Imager (D-ICI) [22] in
Section 2. Section 3 describes how to classify these particles into shapes by updating the Magono–Lee
classification scheme with shapes found by Kikuchi et al. [21] and Libbrecht [23] as well as shapes
found in Kiruna as part of this study. The shape groups are defined in Section 4. Section 5 investigates
the shape dependence of microphysical properties by using these shape groups. Finally, this study is
summarized and concluded in Section 6.
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2. Site and Measurements

2.1. Measurement Site

Our measurements have been carried out in Kiruna, Sweden (67.8◦ N, 20.4◦ E) using the D-ICI,
the ground-based in situ instrument described in Kuhn and Vázquez-Martín [22]. Most of the
measurements took place on the roof of the main building of the Swedish Institute of Space Physics
(IRF) on the space campus at the height of about 15 m above the ground at an altitude of 425 m above
mean sea level. The remaining measurements were done from the roof of the IRF Lidar laboratory
located 950 m away from the space campus at the height of 5 m above ground. We consider these two
locations close to each other and thus can further regard them as the same Kiruna measurement site.

Our dataset is from multiple snowfall seasons during the winters of 2014/2015 to 2018/2019.
At the Kiruna site, each season lasts from about the beginning of November to the middle of May.
Surface temperatures in Kiruna can reach down to −43.3 ◦C [24], and our data include temperatures
down to −27 ◦C. The IRF weather database [25], based on instruments 1.7 km away from the space
campus and 2.44 km from our current measurement location, provides temperature and relative
humidity used in this study.

2.2. Instrument

The D-ICI recorded images of falling snow crystals and other hydrometeors. After falling through
the inlet, in-focus particles are detected and then imaged twice, simultaneously from above and from
the side. These dual images are taken using two high-resolution imaging systems (resolution of
about 10 µm with a pixel resolution of 3.7 µm/px; for a detailed description, see [22]). The additional
information provided by a second image improves the shape classification.

An inlet camera is mounted to monitor the D-ICI inlet, such that it is viewing the inlet without
obstructing the path of the falling particles. The camera is used to detect inlet blockage in order to
exclude, in post-processing, any data affected by this.

2.3. Image Processing

Top-view images are used to determine particle size, cross-sectional area, area ratio, and aspect
ratio by the automated process presented in detail in Kuhn and Vázquez-Martín [22]. The first
steps are to remove the background features from uneven illumination and to remove out-of-focus
particles. The particles then have their boundaries traced. These particle boundaries are further used
to determine the properties of the particle.

The maximum dimension, Dmax, is used to describe particle size. Here, it is determined by the
smallest diameter that completely encircles the particle on the image. The cross-sectional area, A, is
the area enclosed by the particle boundary on the image, determined from the number of enclosed
pixels. Equation (1) defines the area ratio, Ar, as follows:

Ar =
A

π
4 · D2

max
. (1)

Equation (2) defines the aspect ratio, As, as follows:

As =
X
Y

, (2)

where X is the width perpendicular to Y, the longest distance between any two points of the
particle boundary.



Appl. Sci. 2020, 10, 1163 4 of 30

3. Particle Shape Classification

3.1. Classification Method

The particle shape classification is carried out manually by looking at both top- and side-view
images simultaneously since these provide complementary information about the shape. The images
provide enough detail so that they can be classified according to the Magono–Lee scheme.

Figure 1 shows a few examples of successfully classified snow particles. In some cases,
classification is relatively simple with one image only, for example, the top view of the stellar crystal
of example (a). However, looking at the side view of the same example, the ice particle’s shape may
be mistaken for a needle type, as it looks similar to example case (b), which is of needle shape. Thus,
determining the shape from one image is challenging even when using high-resolution images due to
ambiguities arising in the case of unfavorable orientation in that image.

Cases (c) and (d) are more examples, which, in the side view, appear to have a similar shape.
However, from the top-view images, we can distinguish two different shapes: (c) has a dendritic crystal
or stellar shape, and (d) is a bullet capped with a dendrite. Similarly, particles in (e) and (f) appear to
have similar shapes in the side view, i.e., hexagonal plate shape, however, from the top-view images,
we can distinguish two different shapes: (e) is a capped column, and (f) is a hexagonal plate capped on
one side with a thin plate. In a few cases, it is difficult to specify the shape despite the availability of
top- and side-view images. For instance, we cannot distinguish if (g), (h), or (i) are the same shape,
i.e., if they are graupel-like snow or densely rimed ice crystals. For such cases, we determine that they
have a graupel shape.

Figure 1. Shape classification is less ambiguous with dual images. Panels (a–i) show nine examples
of different particles with side views (right) and top views (left). Discussion of these examples is in
the text.
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3.2. Recent Updates

When classifying snow particles using the shape classes from the Magono–Lee classification,
for some particles, a suitable shape class is missing. To these particles, we have either assigned a shape
found in more recent literature or a new shape class. In both cases, we have chosen shape labels that
are consistent with the Magono–Lee nomenclature. Thus, this new classification is an update of the
Magono–Lee classification, which is only an extension of this original classification scheme, so that the
many previous studies or datasets that have been using Magono–Lee may still be used as a reference.

Some new shapes appear in the study of Kikuchi et al. [21], which uses labels that are different
from Magono–Lee. Therefore, we include these shapes with new labels consistent with Magono–Lee.

Other shapes are added but keep the same labels as in Kikuchi et al. [21], as they are not conflicting
with Magono–Lee.

We also add some shapes observed by Libbrecht [23] as an extension of the Magono–Lee
classification. Since shapes by Libbrecht [23] do not have any labels, only a shape name, they are added
by assigning compatible labels that are consistent with the Magono–Lee nomenclature.

Table 1 shows the shapes added from Libbrecht [23] and Kikuchi et al. [21].

Table 1. Added shapes from Libbrecht [23] and Kikuchi et al. [21].

Particle Shape Name (Old Label) New Label

Kikuchi et al. [21]:
Combination of bullets with plates (CP2c) CP2f
Combination of bullet with dendrites (CP2d) CP2g
Seagull-type crystals (CP9a–CP9e) CP4a
Bullet with plate CP2a
Plate with needles CP3d
Plate with columns CP3e
Aggregation of combinations of columns and bullets A1a
Aggregation of combinations of plates and dendrites A2a
Aggregation of combinations of columns, planes and A3a
crossed plates
Frozen cloud particle H1a
Chained frozen cloud particles H1b
Frozen small raindrop H1c
Sleet particle H2a
Ice pellet H3a

Libbrecht [23]:
Twin columns C1j
Triangular form/plate P1g
Hollow plate P1i
Split plate P1k
Split stellar crystal P1l
Double plate P1o
Arrowhead twins S4
Crossed plates S5
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3.3. New Shapes from Kiruna

New shapes only found in Kiruna and not yet described are also included as an extension of the
Magono–Lee classification with labels compatible with Magono–Lee. These 34 new shapes are named
as shown in Table 2.

Table 2. The 34 new shapes found in Kiruna: Figure 2 shows example images of all these new shapes.

Particle Shape Name New Label

Rectangular plate P1h
Plate with a central hole P1j
Irregular split plate P1m
Irregular split stellar crystal P1n
Double stellar crystal P1p
Stellar over plate P1q
Triangular form with plates at ends P2h
Triangular form with dendrites at ends P2i
Concentric plates with sector-like extensions P2j
Concentric plates with stellar or dendritic extensions P2k
Column with plate and dendrite CP1d
Asymmetric capped column (with plates) CP1e
Multiple capped column with dendrites CP1f
Asymmetric column with dendrites CP1g
Bullet with plate and dendrite CP2c
Bullet with two plates CP2d
Bullet with two dendrites CP2e
Combination of bullets (capped bullets) CP2f
Asymmetric combination of bullets CP2i
Aggregation of multiple capped columns A4a
Aggregation of needles and sheaths A5a
Aggregation of stellar crystals A6a
Aggregation of dendrite crystals A7a
Aggregation of plates A8a
Aggregation of bullets A9a
Aggregation of bullet rosettes and capped bullets A9b
Aggregation of branches A10a
Aggregation of seagull A11a
Aggregation of malformed crystals A12a
Aggregation of irregular particles A13a
Aggregation of frozen small raindrops and snow crystals A14a
Rimed bundle R1e
Rimed capped bullet R1f
Raindrop H4a

Figure 2 shows example images of all the new shapes found in Kiruna. In some cases, more
images of the same shape are shown in order to show the small differences that can be found within
the same shape, i.e., the accepted variability within the shape classification. In other cases, side- and
top-view images of the particle shape are shown for better shape description. For instance, in shape
CP2d, only by looking at the side view of the first particle can we see the bullet with two plates.
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Figure 2. The 34 new shapes found in Kiruna: Table 2 shows their completed name. The same scaling
is applied to all images; a 1.0-mm scale bar is shown as reference. In some cases, more images of the
same shape are shown to indicate possible differences found in the same shape. In other cases, side-
and top-view images of the particle shape are shown for better shape description.

The resulting updated classification of Magono–Lee has 135 shapes, including the 34 new
shapes from Kiruna. In Appendix A, Table A1 shows the complete names of all these shapes.
Figures A1 and A2 show images of all the particle shapes taken by D-ICI. The 34 new shapes found in
Kiruna are highlighted by thick gray frames.

4. Shape Groups

The microphysical properties (particle size, cross-sectional area, and area ratio) are determined
from the particle images taken with D-ICI. After classifying the particles, one can study these properties
for specific shapes or how the properties depend on them. It is challenging to study the characteristics
of all 135 shapes since most particle shapes infrequently appear so that statistically significant results
are hard to achieve.

Furthermore, even if we had found enough examples of every single shape to achieve statistical
significance, it may be hard for the models to utilize this level of detail. Additionally, due to natural
variability, the encountered variation in microphysical properties of one shape would, in many cases,
be larger than shape-to-shape variations.

Therefore, to analyze the shape properties, it seemed to be more useful to use a classification
based on only a small number of shape groups, instead of the 135 individual shapes. In the following
section, we describe how we gather the 135 shapes into 15 shape groups, which are then used to study
shape dependencies. However, these shape groups can be assembled differently into, for instance,
less than 15 groups, depending on the needs of the study. In this case, 15 shape groups were defined in
an attempt to simplify shape description while still maintaining some level of detail.

In a similar approach to Magono–Lee [20], we gather the shapes into 15 groups with comparable
morphological characteristics. Magono–Lee’s main level P = Plane crystal contains both plate-like
shapes and stellar shapes; however, we wish to separate the two for this study and, hence, group
them somewhat differently. Therefore, the groups used here do not exactly follow the main levels
of Magono–Lee. This is not seen as incompatible to the Magono–Lee classification scheme. Rather,
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the detailed classification using the updated Magono–Lee shapes from Section 3 allows one to group
shapes according to the needs or interests, which may differ from study to study. In this sense,
the grouping used here is not seen as rigid and definitive but as a first useful attempt to study snow
particle characteristics depending on shape. These 15 shape groups are listed in Table 3.

Table 3. Shape groups (1–15).

Shape Groups (1–15)

(1) Needles and thin or long columns
(2) Crossed needles and crossed columns
(3) Thick columns and bullets
(4) Capped columns and capped bullets
(5) Plates
(6) Stellar crystals
(7) Bullet rosettes
(8) Branches
(9) Side planes
(10) Spatial plates
(11) Spatial stellar crystals
(12) Graupel
(13) Ice and melting or sublimating particles
(14) Irregulars and aggregates
(15) Spherical particles

Thus, we sort particle shapes that look similar, such as particles with needle-like shapes and thin
columns, into groups of shared morphology. Therefore, even rimed particles can be included in such
a group, as long as they appear to have the same type of morphology. Graupel particles, which do
not appear to have a particular shape, are grouped separately as Graupel. Tables 4–7 provide detailed
descriptions of the 15 shape groups. For each group, particle images of all the shapes that define that
group are shown. In Appendix B, Table A2 lists for each shape group all shapes with their labels
and names.
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5. Properties of Shape Groups

In this section, we analyze the properties of the shape groups defined in Section 4. More than
10,000 images were taken during snowfall events from 2014 to 2019. As mentioned in Kuhn and
Vázquez-Martín [22], we only consider particles that are completely in the field of view for analysis.
In total, we found 3165 particles from 67 days that fulfilled these criteria and they make up the dataset
further referred to in this study.

5.1. Occurrence and Properties

Figure 3 shows the frequency of occurrence of each shape group. We note that, in our dataset,
shape group (8) Branches is the most common, occurring 20% of the time, followed by groups (14)
Irregulars and aggregates, (9) Side planes, and (1) Needles and thin or long columns occurring 17%, 14%,
and 11% of the time, respectively. The other shape groups have frequencies below 7.5%.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Shape groups (1-15)

0.0
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Figure 3. Occurrence of shape groups (1–15).

Figure 4a–c shows the particle size, Dmax; cross-sectional area, A; and area ratio, Ar, respectively,
for each shape group. These quantities are shown by their median, represented as a point. The data
spread is given by the percentiles 84.1% and 15.9%, which together correspond to ±1σ (standard
deviation) if the distribution was normal (or Gaussian). The same data are shown in Table 8.

In Figure 4a, we note that shape group (6) Stellar crystals has the largest particle size with median
Dmax = 1450 µm, followed by shape groups (2) Crossed needles and crossed columns, (7) Bullet rosettes,
(8) Branches, (9) Side planes, and (11) Spatial stellar crystals with Dmax > 1000 µm. Shape groups (3) Thick
columns and bullets, (5) Plates, (13) Ice and melting or sublimating particles, and (15) Spherical particles
have the smallest sizes with median Dmax < 500 µm. Shape groups (11) Spatial stellar crystals and (14)
Irregulars and aggregates have the widest spread ranging over 1000 µm, whereas shape groups (13) Ice
and melting or sublimating particles and (15) Spherical particles have the smallest data spread with less
than 300 µm.

Figure 4b illustrates that shape group (6) Stellar crystals with the largest particle size also has the
largest cross-sectional area, with median A = 6.34 × 10−7 m2, followed by shape groups (7) Bullet
rosettes, (8) Branches, (9) Side planes, and (11) Spatial stellar crystals with median A > 3.0× 10−7 m2.
In general, groups with large Dmax also have large areas. However, there are exceptions, such as shape
group (2) Crossed needles and crossed columns. While this shape group is among the groups with the
largest Dmax, it is also among the shape groups with smaller areas. This is due to its shape leading to a
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5.2. Relationships between Microphysical Properties

5.2.1. Cross-Sectional Area and Area Ratio

The cross-sectional area versus particle size (A vs. Dmax) and area ratio versus particle size (Ar vs.
Dmax) relationships for the shape groups are analyzed in this section. The A vs. Dmax relationship is
fitted to a power law given by Kuhn and Gultepe [26]:

A = C1 ·
(

Dmax

1µm

)C2

. (3)

Equation (3) yields straight lines on a logarithmic plot; therefore, the parameters C1 and C2 are
determined from linear fits to the data expressed as log(A) versus log(Dmax), so that if all particles were
spherical (i.e., they would appear circular in the images), C1 and C2 would be equal to π

4 × 10−12 m2

and 2, respectively.
The area ratio is calculated according to Equation (1) but can also be expressed as a power

law function:

Ar = C3 ·
(

Dmax

1µm

)C4

, (4)

where parameters C3 and C4 can be obtained from Equations (3) and (1) so that C3 = C1× 4
π × 1012 m−2

and C4 = C2 − 2.
Figure 5 shows the fitted A vs. Dmax (left) and Ar vs. Dmax (right) relationships as lines for each

shape group. The point on each line represents the median of the distribution of Dmax, the lines’
endpoints correspond to the percentiles 15.9% and 84.1%, and hence, the spread of data is illustrated by
the length of the line. The fit parameters C1 and C2 as well as the corresponding correlation coefficients,
R2, which are used to analyze correlation, are shown in Table 9. In general, judging from the correlation
coefficient, R2

a, in all shape groups, there is a good correlation (R2
a ≥ 0.73) in the A vs. Dmax relationship.

The shape groups (5) Plates, (11) Spatial stellar crystals, (12) Graupel, (13) Ice and melting or sublimating
particles, (14) Irregulars and aggregates, and (15) Spherical particles have R2

a > 0.9.
For most shape groups, area ratio decreases with increasing particle size, as can be seen in

Figure 5. Clearly, group (15) Spherical particles is an exception, and its area ratio is almost constant,
i.e., size independent. A nearly constant Ar means that C4 ' 0 and C2 ' 2 (see Equations (3) and (4)),
which is the case for this group. Two more groups have values of C2 close to 2. In group (12)
Graupel, many particles have a close to spheroidal shape, and this appears to be similar over all sizes
encountered, so that the area ratio is again size independent. The other group with C2 fairly close to
2 and an almost constant Ar is (6) Stellar crystals. Apparently, the stellar particles in this group also
remain similar at different sizes, so that Ar hardly varies. While Ar for group (15) Spherical particles is
close to 1, Ar for (6) Stellar crystals is much smaller, approximately 0.4, as one would expect.

Particles in shape groups (1) Needles and thin or long columns, (2) Crossed needles and crossed columns,
and (3) Thick columns and bullets, which are highly nonspherical, have C2 values furthest from 2. As a
consequence, C4 values are furthest from zero and these groups have the steepest size dependence of
Ar, as can be seen in Figure 5.
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Table 9. Area versus particle size (A vs. Dmax) and area ratio versus aspect ratio (Ar vs. As) relationships
fitted to Equations (3) and (4) for each shape group and for all data, i.e., for all the shape groups
regardless of shape. The parameters C1, C2, C5, and C6 and the correlation coefficients R2

a and R2
b are

shown.

Shape Groups (1–15)
A vs. Dmax Ar vs. As

C1/10−12 m2 C2 R2
a C5 C6 R2

b

(1) Needles and thin or long columns 108 1.05 0.76 0.0183 0.698 0.90
(2) Crossed needles and crossed columns 128 1.05 0.73 0.0591 0.252 0.32
(3) Thick columns and bullets 31.6 1.25 0.85 0.0415 0.756 0.89
(4) Capped columns and capped bullets 5.31 1.59 0.79 0.0120 0.654 0.46
(5) Plates 3.17 1.72 0.94 −0.00869 0.894 0.80
(6) Stellar crystals 0.531 1.93 0.86 0.123 0.395 0.25
(7) Bullet rosettes 5.35 1.60 0.82 0.0991 0.450 0.25
(8) Branches 2.11 1.73 0.84 0.0845 0.483 0.47
(9) Side planes 1.88 1.76 0.88 0.124 0.457 0.32
(10) Spatial plates 4.64 1.66 0.86 0.0718 0.698 0.61
(11) Spatial stellar crystals 1.88 1.78 0.95 0.0736 0.556 0.55
(12) Graupel 0.324 1.97 0.98 0.201 0.518 0.45
(13) Ice and melting or sublimating particles 5.87 1.54 0.91 0.0351 0.769 0.68
(14) Irregulars and aggregates 3.54 1.66 0.90 0.0158 0.648 0.52
(15) Spherical particles 0.795 1.99 0.99 −0.168 1.14 0.93

All shape groups together
(regardless of shape) 5.66 1.58 0.83 −0.451 0.900 0.71

5.2.2. Area Ratio and Aspect Ratio

Area ratio versus aspect ratio (Ar vs. As) data can be fitted to the linear relationship:

Ar = C5 + C6 · As, (5)

where C5 and C6 are the fit parameters.
Figure 6 shows the Ar vs. As relationship for each shape group. For comparison, the equality

Ar = As is displayed as a gray dashed line. We note that particles in shape groups (3) Thick columns
and bullets, (5) Plates, (13) Ice and melting or sublimating particles, and (15) Spherical particles are closest
to this line. As can be seen in Table 9, these groups, together with group (1) Needles and thin or long
columns, have a good correlation between area and aspect ratio (R2

b ≥ 0.7). On the other hand, shape
groups (2) Crossed needles and crossed columns, (6) Stellar crystals, (7) Bullet rosettes, and (9) Side planes
have a low correlation (R2

b < 0.5). For instance, in the case of the shape group (6) Stellar crystals, this
might be due to several factors: the empty space between their branches resulting in low Ar values
and/or significant variations in As due to particle orientation. Shape groups (1) Needles and thin or long
columns, (3) Thick columns and bullets, (5) Plates, and (15) Spherical particles have the highest correlation
(R2

b > 0.8).
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(5) Plates, (13) Ice and melting or sublimating particles, and (15) Spherical particles have the smallest
Dmax < 500 µm (see Figure 4a).

• Shape group (6) Stellar crystals also has the largest median cross-sectional area, A = 6.34× 10−7 m2,
followed by shape groups (7) Bullet rosettes, (8) Branches, (9) Side planes, and (11) Spatial stellar
crystals with A > 3.0×10−7 m2 (see Figure 4b).

• In general, groups with large particle sizes also have large areas. However, there are exceptional
shape groups with the largest particle sizes but with smaller areas, as it is in the case of shape
group (2) Crossed needles and crossed columns. We can see in Figure 4c, in which we note that shape
groups (1) Needles and thin or long columns, (2) Crossed needles and crossed columns, and (3) Thick
columns and bullets have the smallest area ratios, Ar < 0.4.

• In general, there is a good correlation of the A vs. Dmax relationship for the shape groups,
with correlation coefficients varying from 0.73 for shape group (2) Crossed needles and crossed
columns to over 0.9 for shape groups (5) Plates, (11) Spatial stellar crystals, (12) Graupel, (13) Ice and
melting or sublimating particles, (14) Irregulars and aggregates, and (15) Spherical particles (see Table 9).

• In most shape groups, area ratio decreases with increasing particle size. This is strongest for the
shape groups with the lowest area ratios: (1) Needles and thin or long columns, (2) Crossed needles and
crossed columns, and (3) Thick columns and bullets, which consequently also have the lowest values
of C2. The shape groups (15) Spherical particles, (14) Graupel, and (6) Stellar crystals are exceptions
and have area ratios that are almost constant.

• Shape groups (1) Needles and thin or long columns, (3) Thick columns and bullets, (5) Plates, and (15)
Spherical particles have the highest correlation in the Ar vs. As relationship, with R2

b larger than 0.8
(see Table 9). On the other hand, shape groups (2) Crossed needles and crossed columns, (6) Stellar
crystals, (7) Bullet rosettes, and (9) Side planes have correlation coefficients lower than 0.5. Shape
groups (6) Stellar crystals and (7) Bullet rosettes have a particularly low Ar vs. As correlation of
0.25 despite a A vs. Dmax correlation larger than 0.82. For instance, in the case of the shape group
(6) Stellar crystals, this might be due to several factors; the empty space between their branches
resulting in low Ar values and/or variations in As due to particle orientation.

This shows that, with the D-ICI and the classification in shapes and shape groups, particle
characteristics can be studied for groups of similar shapes. Since fall speed can be measured by
analyzing side-view images taken by the D-ICI [22], the shape dependence of fall speed can also be
studied. The resulting parameterizations of the snow microphysical properties may be useful for
improving our understanding of precipitation in cold climates in addition to helping improve the
cloud microphysical parameterizations in the climate and forecast models.
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Appendix A. Shapes

Table A1 shows the updated classification of natural snow crystals and other hydrometeors.
Original particle shapes are from the Magono–Lee classification. Added shapes from Libbrecht [23]
are marked as [Li] and from Kikuchi et al. [21] are marked as [Ki]. Gray background and [KRN] mark
the new particle shapes found in Kiruna.
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Figure A1. Updated shape classification (part 1): The 34 new shapes found in Kiruna are highlighted by
thick gray frames. A list with the complete names of these shapes is shown in Table A1. Same scaling
for all images: 1.0-mm scale bar is shown.
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Figure A2. Updated shape classification with 135 different shapes (part 2): For caption, see Figure A1.

Table A1. Updated classification.

Level (N, C, . . . ), Sublevel (1, 2, . . . ), Name Label

N = Needle crystal
1. Simple needle

a. Elementary needle N1a
b. Bundle of elementary needles N1b
c. Elementary sheath N1c
d. Bundle of elementary sheaths N1d
e. Long solid column N1e

2. Combination of needle crystals
a. Combination of needles N2a
b. Combination of sheaths N2b
c. Combination of long solid columns N2c

C = Columnar crystal
1. Simple column
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Table A1. Cont.

Level (N, C, . . . ), Sublevel (1, 2, . . . ), Name Label

a. Pyramid C1a
b. Cup C1b
c. Solid bullet C1c
d. Hollow bullet C1d
e. Solid column C1e
f. Hollow column C1f
g. Solid thick plate C1g
h. Thick plate of skeleton form C1h
i. Scroll C1i
j. Twin columns C1j [Li]

2. Combination of columns
a. Combination of bullets (bullet rosettes) C2a
b. Combination of columns (column rosettes) C2b

P = Plane crystal
1. Regular crystal developed in one plane

a. Hexagonal plate P1a
b. Crystal with sector-like branches P1b
c. Crystal with broad branches P1c
d. Stellar crystal P1d
e. Ordinary dendritic crystal P1e
f. Fernlike crystal P1f
g. Triangular form/plate P1g [Li]
h. Rectangular plate P1h [KRN]
i. Hollow plate P1i [Li]
j. Plate with a central hole P1j [KRN]
k. Split plate P1k [Li]
l. Split stellar crystal P1l [Li]
m. Irregular split plate P1m [KRN]
n. Irregular split stellar crystal P1n [KRN]
o. Double plate P1o [Li]
p. Double stellar crystal P1p [KRN]
q. Stellar over plate P1q [KRN]

2. Plane crystal with extensions of different form
a. Stellar crystal with plates at ends P2a
b. Stellar crystal with sector-like ends P2b
c. Dendritic crystal with plates at ends P2c
d. Dendritic crystal with sector-like ends P2d
e. Plate with simple extensions P2e
f. Plate with sector-like extensions P2f
g. Plate with dendritic extensions P2g
h. Triangular form with plates at ends P2h [KRN]
i. Triangular form with dendrites at ends P2i [KRN]
j. Concentric plates with sector-like extensions P2j [KRN]
k. Concentric plates with stellar or dendritic extensions P2k [KRN]

3. Crystals with irregular number of branches
a. Two-branched crystal P3a
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Table A1. Cont.

Level (N, C, . . . ), Sublevel (1, 2, . . . ), Name Label

b. Three-branched crystal P3b
c. Four-branched crystal P3c

4. Crystal with 12 branches
a. Broad branch crystal with 12 branches P4a
b. Dendritic crystal with 12 branches P4b

5. Malformed crystal
Many varieties P5

6. Spatial assemblage of plane branches
a. Plate with spatial plates P6a
b. Plate with spatial dendrites P6b
c. Stellar crystal with spatial plates P6c
d. Stellar crystal with spatial dendrites P6d

7. Radiating assemblage of plane branches
a. Radiating assemblage of plates P7a
b. Radiating assemblage of dendrites P7b

CP = Combination of column and plane crystals
1. Column with plane crystals at both ends

a. Column with plates (capped column) CP1a
b. Column with dendrites CP1b
c. Multiple capped column CP1c
d. Column with plate and dendrite CP1d [KRN]
e. Asymmetric capped column (with plates) CP1e [KRN]
f. Multiple capped column with dendrites CP1f [KRN]
g. Asymmetric column with dendrites CP1g [KRN]

2. Bullet with plane crystals
a. Bullet with plate CP2a [Ki]
b. Bullet with dendrite CP2b
c. Bullet with plate and dendrite CP2c [KRN]
d. Bullet with two plates CP2d [KRN]
e. Bullet with two dendrites CP2e [KRN]
f. Combination of bullets (capped bullets) CP2f [KRN]
g. Combination of bullets with plates CP2g [Ki]
h. Combination of bullets with dendrites CP2h [Ki]
i. Asymmetric combination of bullets CP2i [KRN]

3. Plane crystal with spatial extensions at ends
a. Stellar crystal (dendrite) with needles CP3a
b. Stellar crystal (dendrite) with columns CP3b
c. Stellar crystal (dendrite) with scrolls at ends CP3c
d. Plate with needles CP3d [Ki]
e. Plate with columns CP3e [Ki]
f. Plate with scrolls at ends CP3f

4. Seagull-type crystal
a. Seagull crystal CP4a [Ki]

S = Columnar crystals with extended side planes
1. Side planes S1
2. Scale-like side planes S2
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Table A1. Cont.

Level (N, C, . . . ), Sublevel (1, 2, . . . ), Name Label

3. Combination of side planes, bullets, and columns S3
4. Arrowhead twins S4 [Li]
5. Crossed plates S5 [Li]

A = Aggregates of snow crystals
1. Aggregation of column-type crystals

a. Aggregation of combinations of columns and bullets A1a [Ki]
2. Aggregation of plane-type crystals

a. Aggregation of combinations of plates and dendrites A2a [Ki]
3. Aggregation of column- and plane-type crystals

a. Aggregation of combinations of columns, A3a [Ki]
planes and crossed plates

4. Aggregation of multiple capped columns
a. Aggregation of multiple capped columns A4a [KRN]

5. Aggregation of needle- and sheath-type crystals
a. Aggregation of needles and sheaths A5a [KRN]

6. Aggregation of stellar-type crystals
a. Aggregation of stellar crystals A6a [KRN]

7. Aggregation of dendrite-type crystals
a. Aggregation of dendrite crystals A7a [KRN]

8. Aggregation of plate-type crystals
a. Aggregation of plates A8a [KRN]

9. Aggregation of bullet-type crystals
a. Aggregation of bullets A9a [KRN]
b. Aggregation of bullet rosettes and capped bullets A9b [KRN]

10. Aggregation of branch-type crystals
a. Aggregation of branches A10a [KRN]

11. Aggregation of seagull-type crystals
a. Aggregation of seagull A11a [KRN]

12. Aggregation of malformed-type crystals
a. Aggregation of malformed crystals A12a [KRN]

13. Aggregation of irregular-type crystals
a. Aggregation of irregular particles A13a [KRN]

14. Aggregation of frozen small raindrops
and snow crystals
a. Aggregation of frozen small raindrops A14a [KRN]
and snow crystals

R = Rimed crystal (crystal with cloud droplets attached)
1. Rimed crystal

a. Rimed needle crystal R1a
b. Rimed columnar crystal R1b
c. Rimed plate or sector R1c
d. Rimed stellar crystal R1d
e. Rimed bundle R1e [KRN]
f. Rimed capped bullet R1f [KRN]

2. Densely rimed crystal
a. Densely rimed plate or sector R2a
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Table A1. Cont.

Level (N, C, . . . ), Sublevel (1, 2, . . . ), Name Label

b. Densely rimed stellar crystal R2b
c. Stellar crystal with rimed spatial branches R2c

3. Graupel-like snow
a. Graupel-like snow of hexagonal type R3a
b. Graupel-like snow of lump type R3b
c. Graupel-like snow with non-rimed extensions R3c

4. Graupel
a. Hexagonal graupel R4a
b. Lump graupel R4b
c. Cone-like graupel R4c

I = Irregular snow crystal
1. Ice particle I1
2. Rimed particle I2
3. Broken piece from a crystal
a. Broken branch I3a
b. Rimed broken branch I3b
4. Miscellaneous I4

G = Germ of snow crystal (ice crystal)
1. Minute column G1
2. Germ of skeleton form G2
3. Minute hexagonal plate G3
4. Minute stellar crystal G4
5. Minute assemblage of plates G5
6. Irregular germ G6

H = Other solid precipitation particles
1. Frozen hydrometeor particle

a. Frozen cloud particle H1a [Ki]
b. Chained frozen cloud particles H1b [Ki]
c. Frozen small raindrop H1c [Ki]

2. Sleet particle
a. Sleet particle H2a [Ki]

3. Ice pellet
a. Ice pellet H3a [Ki]

4. Droplets of water
a. Raindrop H4a [KRN]

Appendix B. Shape Groups

Table A2 shows the shapes of the updated classification of natural snow crystals and other
hydrometeors sorted into shape groups. Original particle shapes are from the Magono–Lee
classification. Shapes from Libbrecht [23] are marked as [Li], and shapes from Kikuchi et al. [21]
are marked as [Ki]. Gray background and [KRN] mark the new particle shapes found in Kiruna.
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Table A2. Shapes of the updated classification sorted into shape groups.

Shape Groups (1–15), Name Label

(1) Needles and thin or long column
Elementary needle N1a
Bundle of elementary needles N1b
Elementary sheath N1c
Bundle of elementary sheaths N1d
Long solid column N1e
Rimed needle crystal R1a
Rimed columnar crystal R1b
Rimed bundle R1e [KRN]

(2) Crossed needles and crossed columns
Combination of needles N2a
Combination of sheaths N2b
Combination of long solid columns N2c

(3) Thick columns and bullets
Pyramid C1a
Cup C1b
Solid bullet C1c
Hollow bullet C1d
Solid column C1e
Hollow column C1f
Solid thick plate C1g
Scroll C1i
Twin columns C1j [Li]
Minute column G1

(4) Capped columns and capped bullets
Column with plates (capped column) CP1a
Column with dendrites CP1b
Multiple capped column CP1c
Column with plate and dendrite CP1d [KRN]
Asymmetric capped column (with plates) P1e [KRN]
Multiple capped column with dendrites CP1f [KRN]
Asymmetric column with dendrites CP1g [KRN]
Bullet with plate CP2a [Ki]
Bullet with dendrite CP2b
Bullet with plate and dendrite CP2c [KRN]
Bullet with two plates CP2d [KRN]
Bullet with two dendrites CP2e [KRN]
Combination of bullets (capped bullets) CP2f [KRN]

(5) Plates
Thick plate of skeleton form C1h
Hexagonal plate P1a
Crystal with sector-like branches P1b
Crystal with broad branches P1c
Triangular form/plate P1g [Li]
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Table A2. Cont.

Shape Groups (1–15), Name Label

Rectangular plate P1h [KRN]
Hollow plate P1i [Li]
Plate with a central hole P1j [KRN]
Split plate P1k [Li]
Irregular split plate P1m [KRN]
Double plate P1o [Li]
Stellar crystal over plate P1q [KRN]
Plate with scrolls at ends CP3f
Rimed plate or sector R1c
Germ of skeleton from G2
Minute hexagonal plate G3

(6) Stellar crystals
Stellar crystal P1d
Ordinary dendritic crystal P1e
Fernlike crystal P1f
Split stellar crystal P1l [Li]
Irregular split stellar crystal P1n [KRN]
Double stellar crystal P1p [KRN]
Stellar crystal with plates at ends P2a
Stellar crystal with sector-like ends P2b
Dendritic crystal with plates at ends P2c
Dendritic crystal with sector-like ends P2d
Plate with simple extensions P2e
Plate with sector-like extensions P2f
Plate with dendritic extensions P2g
Triangular form with plates at ends P2h [KRN]
Triangular form with dendrites at ends P2i [KRN]
Concentric plates with sector-like extensions P2j [KRN]
Concentric plates with stellar or dendritic extensions P2k [KRN]
Broad branch crystal with 12 branches P4a
Dendritic crystal with 12 branches P4b
Stellar crystal with scrolls at ends CP3c
Rimed stellar crystal R1d
Minute stellar crystal G4

(7) Bullet rosettes
Combination of bullets (bullet rosettes) C2a
Combination of columns (column rosettes) C2b
Combination of bullets with plates CP2g [Ki]
Combination of bullets with dendrites CP2h [Ki]
Asymmetric combination of bullets CP2i [KRN]
Rimed capped bullet R1f [KRN]

(8) Branches
Two-branched crystal P3a
Three-branched crystal P3b
Four-branched crystal P3c
Malformed crystal P5
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Table A2. Cont.

Shape Groups (1–15), Name Label

Radiating assemblage of dendrites P7b
Seagull crystal CP4a [Ki]
Broken branch I3a
Rimed broken branch I3b

(9) Side planes
Radiating assemblage plates P7a
Side planes S1
Scale-like side planes S2
Combination of side planes, bullets, and columns S3
Arrowhead twins S4 [Li]
Crossed plates S5 [Li]
Minute assemblage of plates G5

(10) Spatial plates
Plate with spatial plates P6a
Plate with spatial dendrites P6b
Plate with needles CP3d [Ki]
Plate with columns CP3e [Ki]
Densely rimed plate or sector R2a

(11) Spatial stellar crystals
Stellar crystal with spatial plates P6c
Stellar crystal with spatial dendrites P6d
Stellar crystal with needles CP3a
Stellar crystal with columns CP3b
Densely rimed stellar crystal R2b
Stellar crystal with rimed spatial branches R2c
Graupel-like snow of hexagonal type R3a
Graupel-like snow of lump type R3b
Graupel-like snow with non-rimed extensions R3c

(12) Graupel
Hexagonal graupel R4a
Lump graupel R4b
Cone-like graupel R4c

(13) Ice and melting or sublimating particles
Ice particle I1
Frozen cloud particle H1a [Ki]
Chained frozen cloud particles H1b [Ki]
Sleet particle H2a [Ki]
Ice pellet H3a [Ki]

(14) Irregulars and aggregates
Aggregation of combinations of columns and bullets A1a [Ki]
Aggregation of combinations of plates and dendrites A2a [Ki]
Aggregation of combinations of columns, planes A3a [Ki]

and crossed plates
Aggregation of multiple capped columns A4a [KRN]
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Table A2. Cont.

Shape Groups (1–15), Name Label

Aggregation of needles and sheaths A5a [KRN]
Aggregation of stellar crystals A6a [KRN]
Aggregation of dendrite crystals A7a [KRN]
Aggregation of plates A8a [KRN]
Aggregation of bullets A9a [KRN]
Aggregation of bullet rosettes and capped bullets A9b [KRN]
Aggregation of branches A10a [KRN]
Aggregation of seagull A11a [KRN]
Aggregation of malformed crystals A12a [KRN]
Aggregation of irregular particles A13a [KRN]
Aggregation of frozen small raindrops and snow crystals A14a [KRN]
Rimed particle I2
Miscellaneous I4
Irregular germ G6

(15) Spherical particles
Frozen small raindrop H1c [Ki]
Raindrop H4a [KRN]
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Abstract.

Improved snowfall predictions require accurate knowledge of the properties of ice crystals and snow particles, such as their

size, cross-sectional area, shape, and fall speed. In particular, the shape is an important parameter as it strongly influences the

scattering properties of these ice particles, and thus their response to remote sensing techniques such as radar measurements.

The fall speed of ice particles is a critical parameter for the representation of ice clouds and snow in atmospheric numerical5

models, as it determines the rate of removal of ice from the modelled clouds. They are also required for snowfall predictions

alongside other properties such as ice particle size, cross-sectional area, and shape. For example, shape is important as it

strongly influences the scattering properties of these ice particles, and thus their response to remote sensing techniques.

This work analyses fall speed as a function of shape and other properties using ground-based in-situ measurements. The

measurements for this study were done in Kiruna, Sweden during the snowfall seasons of 2014 to 2019, using the ground-10

based in-situ instrument Dual Ice Crystal Imager (D-ICI). The resulting data consist of high-resolution images of falling

hydrometeors from two viewing geometries that are used to determine size (maximum dimension), cross-sectional area, area

ratio, orientation, and the fall speed of individual particles. The selected dataset covers sizes from about 0.06 to 3.2 mm and

fall speeds from 0.06 to 1.6 m s−1.

The particles are shape-classified into 15 different shape groups depending on their shape and morphology. For these 1515

shape groups relationships are studied, firstly, between size and cross-sectional area, then between fall speed and size or cross-

sectional area. The data show in general low correlations to fitted fall-speed relationships due to large spread observed in

fall speed. After binning the data according to size or cross-sectional area, correlations improve and we can report reliable

parameterizations of fall speed vs. size or cross-sectional area for part of the shapes. The effects of orientation and area ratio

on the fall speed are also studied, and measurements show that vertically orientated particles fall faster on average. However,20

most particles for which orientation can be defined fall horizontally.

Keywords: Natural snow crystals; hydrometeors; microphysical properties; fall speed; orientation; ground-based in-situ

measurements.
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1 Introduction25

The accurate knowledge of the microphysical properties of atmospheric snow particles (ice crystals and snowflakes) is essential

to achieve more realistic parameterizations in atmospheric models (e.g., Stoelinga et al., 2003; Tao et al., 2003). Also, the

accuracy of many different remote sensing applications, such as scattering properties, cloud and precipitation retrievals from

satellite passive and active microwave measurements (e.g., Bauer et al., 1999; Olson et al., 2001), and snowfall estimates based

on ground- and space-based radar (Cooper et al., 2017), is highly dependent on the assumptions made on the microphysical30

properties of snow particles. Some of these critical properties are particle size, particle size distribution, cross-sectional area,

area ratio, shape, orientation, and fall speed.

Several studies have classified snow crystal shape according to different classification schemes (Nakaya, 1954; Magono and

Lee, 1966; Kikuchi et al., 2013; Vázquez-Martín et al., 2020). Particle shape is essential, not only for investigating growth

processes but also because it affects remote sensing measurements, for instance, radar measurements (e.g., Sun et al., 2011;35

Matrosov et al., 2012; Marchand et al., 2013) or passive measurements of microwave brightness temperatures (Kneifel et al.,

2010). Furthermore, it is of significant importance for optical remote sensing retrievals of cloud properties (see, e.g., Yang

et al., 2008; Baum et al., 2011; Xie et al., 2011; Loeb et al., 2018) and snow albedo (e.g., Jin et al., 2008). The physical

properties of snow particles, including shape, govern their fall speed. For a given volume and density, non-spherical particles

fall slower than spheres (Haider, 1989). Therefore, also the particle shape is an important parameter to ensure accurate cloud40

parameterizations in climate and forecast models (e.g., Stoelinga et al., 2003; Tao et al., 2003), and for the understanding of

precipitation in cold climates.

Together with particle size and shape, the snow particle orientation also plays a significant role. It is highly dependent on

the local aerodynamic conditions (Pruppacher and Klett, 1997), and significant uncertainties regarding particle orientation

remain, especially for rimed particles and aggregates (Xie et al., 2012; Jiang et al., 2019). The particle orientation determines45

its horizontal cross-sectional area and influences its drag, and, therefore, its fall speed. Particle orientation also affects the bulk

scattering properties of clouds (Yang et al., 2008, 2011). For instance, for microwave radiation, particle orientation significantly

affects the radar reflectivity (e.g., Sun et al., 2011; Gergely and Garrett, 2016), and due to its sizeable impact on absorption

(e.g., Foster et al., 2000), strongly modulates the microwave brightness temperature (Xie and Miao, 2011; Xie et al., 2015).

The fall speed of snow crystals plays a significant role in modelling microphysical precipitation processes (Schefold et al.,50

2002) and for climate since it determines the lifetime of cirrus clouds and influences the vertical transport of water vapour in

the upper troposphere, modulating the top of atmosphere radiation budget (Westbrook and Sephton, 2017). Additionally, fall

speed determines the snowfall rate, i.e., the rate of particle removal from clouds. The precipitation rate is proportional to the

fall speed of the particles, implying quantitative forecasts of this variable require accurate snowflake fall speeds (Westbrook

and Sephton, 2017). Therefore, it is essential to know particle size, shape, and fall speed simultaneously.55

Earlier studies have used different methods to investigate and parameterize the dependence of fall speed on snow particle

size. Most parameterizations can be given as a power law with general form v = aD ·DbD , where v is the fall speed, D is the

particle size, and aD, bD are constant coefficients. This power-law relationship is often adopted because it facilitates analytical
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solutions in models, for instance for calculations of Doppler velocity, and appears in many studies (e.g., Locatelli and Hobbs,

1974; Heymsfield and Kajikawa, 1987; Mitchell, 1996; Barthazy and Schefold, 2006; Yuter et al., 2006; Brandes et al., 2008;60

Heymsfield and Westbrook, 2010; Zawadzki et al., 2010; Lee et al., 2015). The dependence of fall speed on particle cross-

sectional area is also readily represented as a power law, v = aA ·AbA , where v is the fall speed, A is the cross-sectional

area, and aA, bA are constant coefficients (e.g., Kuhn and Gultepe, 2016; Kuhn and Vázquez-Martín, 2020). In a few studies,

different functions are used to describe relationships. For example, Barthazy and Schefold (2006) showed that an exponential

function that asymptotically approaches a constant speed at larger sizes could also be used to describe the size dependence of65

fall speed, in particular for particles larger than about 3 mm.

This study analyses the fall speed relationships of snow particles as a function of particle size and cross-sectional area

based on a dataset of falling natural snow particles that have been collected in Kiruna in northern Sweden with the ground-

based instrument Dual Ice Crystal Imager (D-ICI) presented in Kuhn and Vázquez-Martín (2020). Section 2 describes the

measurements and methods used to classify the snow particle shape and determine their size, cross-sectional area, and fall70

speed. Section 3 investigates the influence of the particle shape on relationships between fall speed and particle size or cross-

sectional area. Furthermore, we examine the dependence of fall speed on area ratio and particle orientation. These results are

then compared to previous studies. Finally, this study is summarized and concluded in Sect. 4.

2 Methods

2.1 Measurements and instrument75

Our measurements are carried out in Kiruna, Sweden (67.8◦ N, 20.4◦ E) using D-ICI, the ground-based in-situ instrument

described in Kuhn and Vázquez-Martín (2020). D-ICI captures and records dual images of falling snow crystals and other

hydrometeors. Detected particles are imaged simultaneously from two different viewing directions. One is horizontal, recording

a side view, and one is close to vertical, recording a top view. From the top-view image, we can determine particle size, cross-

sectional area, and area ratio. From the side-view image, since it is exposed twice, we can determine fall speed (see Sect. 2.2).80

These images have a high optical resolution of about 10 µm, and one pixel corresponds to 3.7 µm. This resolution allows

for the identification of snow particles even smaller than 0.1 mm. The additional information dual images provide, improves

the shape classification carried out by looking at both top- and side-view images. The particles are classified according to their

shape and sorted into 15 shape groups, as described in Vázquez-Martín et al. (2020).

More than 10,000 particles have been recorded during multiple snowfall seasons, the winters of 2014/2015 to 2018/2019.85

Each winter season at the Kiruna site lasts approximately from the beginning of November to the middle of May. Part of these

data from 2014 to 2018 was selected to carry out this work. During image processing (see Sect. 2.2), we only consider particles

that are entirely in the field of view and that are not significantly tumbling (for a detailed description, see Kuhn and Vázquez-

Martín, 2020). Furthermore, the ambient wind speed is taken into account. As mentioned in Kuhn and Vázquez-Martín (2020),

higher wind speeds may alter fall speed measurements. Therefore data taken at averaged wind speeds higher than 3 m s−1 are90

excluded. The SMHI weather data (SMHI, 2020), based on instruments at the Kiruna airport, are recorded 6 km away from our
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measurement site and provide the wind speed data used in this study. The site in Kiruna does not often experience high wind

speeds; hence the dataset is only reduced by 23% to 2,461 particles from 48 days.

2.2 Snow properties

Figure 1 shows two different snow particles from the side (right) and the top view (left). The images from the top view are95

used to determine particle size, cross-sectional area, and area ratio by the automated process presented in Kuhn and Vázquez-

Martín (2020). For this, first, the background features are removed, then the in-focus particles are detected, and their boundaries

traced. Consequently, the particle properties, such as particle size, cross-sectional area, and area ratio can be determined. As

we have described in Vázquez-Martín et al. (2020), the maximum dimension, Dmax, defined as the smallest diameter that

completely encircles the particle boundary in the top-view image, is used to describe the particle size. The cross-sectional area,100

A, is defined as the area in the top-view image enclosed by the particle boundary based on pixel count. Once, particle size and

cross-sectional are determined, the area ratio Ar can be also calculated from these quantities:

Ar =
A

π
4 ·D2

max

. (1)

These quantities are particularly relevant when provided from this vertical viewing geometry corresponding to the falling

motion, rather than a horizontal geometry, which is standard in many instruments.105

The side-view images are exposed twice to enable fall speed measurements so that both particle exposures are displayed in

the same image (Fig. 1, right). These particle exposures correspond to the first and second position, respectively, of the particle

when falling. In our data, the two-particle exposures in the side-view images might be partly overlapping due to a combination

of fall speed and size of the particle. Figure 1a shows an example of non-overlapping particles, whereas, in Fig. 1b, the particles

are partly overlapping, which poses a limitation for an automated fall speed determination. The following describes the manual110

procedure to, nonetheless, include such particles in the analysis.

At least two points of the particle need to be selected, for instance, the left and right edges of the particle (P1 and P3 in

Fig. 1, right). The same points are found by eye on the second exposure (P2 and P4 in Fig. 1, right). The falling distance

is then the average of the euclidean distances between P1 and P2, and between P3 and P4, and the fall speed is this falling

distance divided by the time between exposures. By selecting at least two points on each particle to determine fall speed, one115

can notice differences of the fall speed across the particle. If there is no difference, then the particle is falling straight. If there

is a difference, then the particle is tumbling, i.e., has a rotating motion in addition to the straight falling motion. Tumbling is

most noticeable if the rotation is around an axis perpendicular to the imaging plane.

When rotating around an axis parallel to the imaging plane, it may be challenging to select the same points on the second

exposure. Particle images where it is difficult to identify the same points on both exposures, or when significant tumbling is120

apparent, are excluded. The tumbling limit is when the speed of the points differ by more than ±10% from the mean speed.

However, tumbling is not observed frequently in our dataset. Figure 2 shows different side-view images of particles included

and excluded from the analysis, respectively. In Fig. 2a–d, the particles are not, or are only slightly, tumbling, and therefore
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Figure 1. Two particle examples (a–b). Left: Top-view images. Right: Side-view images, which are exposed twice to enable fall speed

measurements. Both viewing geometries are used to classify the particle shape. In both examples, two pairs of points (P1, P3 and P2, P4)

were selected to determine the fall speed.

included in the analysis. In Fig. 2e–h, the particles are tumbling significantly. Consequently, these particles were discarded and

not included in the analysis.125

3 Results and discussions

3.1 Cross-sectional area

For this study, we use a large subset of the data from Vázquez-Martín et al. (2020). Although we excluded measurements

with higher wind speeds than 3 m s−1, the cross-sectional areas as a function of particle size are nonetheless very similar here

to results presented in Vázquez-Martín et al. (2020). However, for completeness, we briefly analyse and discuss the cross-130

sectional area versus particle size, A vs. Dmax, for all the shape groups in this section. Table 1 shows these results, along with

the meta-data on the particle groups, including their full names. For simplicity, we will use shorter names from here on (see,

e.g., in Table 2). As seen in Table 1, generally, particle size and cross-sectional area are very well correlated (R2 > 0.7) if

expressed by the power law

A(Dmax) = a ·
(
Dmax

1 mm

)b
, (2)135
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Figure 2. Panels (a–h) show eight examples of different particles with side-view images. The panels in the top row (a–d), show particles

that were included in the analysis. Panels in the bottom row (e–h), show particles that were excluded since the two-particle exposures reveal

significant tumbling.

where the parameter a corresponds to the cross-sectional area at Dmax = 1 mm and b is the exponent in the power law.

Figure 3 shows these fitted A vs. Dmax relationships. We note that shape groups (1) Needles, (2) Crossed needles, and (3)

Thick columns are the groups with the lowest values of parameter b that are close to 1. For these groups, this is understandable

from their morphology. An increase in A primarily follows an increase in Dmax (needle length), rather than in both Dmax and

the diameter (needle width). The low values of b also explain why the area ratio, Ar, decreases most rapidly with increasing140

Dmax for these shape groups, which can be seen if one expresses Ar as a power law in Dmax (inserting Eq. (2) in (1)),

Ar =
4

π
· a

1mm2
·
(
Dmax

1mm

)b−2

, (3)

as the exponent in this power law is b−2. It is also evident in Fig. 4, which shows these power laws for all shape groups

determined from Eq. (3) and the coefficients given in Table 1.

For most other shape groups, the coefficient b varies between 1.4 and 1.8. Only for the groups (12) Graupel and (15)145

Spherical, it is larger with b= 2.0, which is the expected theoretical value for spherical shapes. Thus, apart from (15) Spherical,

(12) Graupel is the only shape, for which shape does not change with size, i.e., Ar does not decrease with increasing Dmax but

remains constant.
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Table 1. Cross-sectional area versus particle size (A vs. Dmax) relationship fitted to a power law given by Eq. (2) for each shape group and

for all data, i.e., for all the particles regardless of shape. The number of particles N , Dmax, and A ranges (min, max), the parameters a and b

with their respective uncertainties, and the correlation coefficients R2 are shown for each shape group and all data.

Shape groups (1–15) N Dmax [mm] A [mm2]
A vs. Dmax

a [mm2] b R2

(1) Needles and thin or long columns 317 0.27–3.0 0.03–0.7 0.15 ± 0.01 1.06 ± 0.03 0.79

(2) Crossed needles and crossed columns 66 0.57–2.6 0.10–0.7 0.18 ± 0.04 1.01 ± 0.08 0.70

(3) Thick columns and bullets 103 0.16–0.9 0.02–0.2 0.17 ± 0.04 1.24 ± 0.05 0.88

(4) Capped columns and capped bullets 189 0.28–2.1 0.02–1.3 0.32 ± 0.03 1.60 ± 0.06 0.79

(5) Plates 197 0.21–1.7 0.03–1.3 0.45 ± 0.03 1.71 ± 0.03 0.93

(6) Stellar crystals 43 0.54–2.3 0.13–1.9 0.40 ± 0.07 1.59 ± 0.15 0.75

(7) Bullet rosettes 41 0.54–1.5 0.12–0.8 0.35 ± 0.04 1.62 ± 0.12 0.83

(8) Branches 438 0.27–2.9 0.03–3.4 0.32 ± 0.01 1.74 ± 0.03 0.86

(9) Side planes 350 0.29–2.7 0.04–2.7 0.37 ± 0.01 1.77 ± 0.04 0.87

(10) Spatial plates 48 0.30–1.3 0.06–0.6 0.42 ± 0.05 1.62 ± 0.10 0.85

(11) Spatial stellar crystals 185 0.36–2.8 0.06–2.9 0.40 ± 0.01 1.76 ± 0.03 0.95

(12) Graupel 37 0.25–1.2 0.03–0.8 0.51 ± 0.04 1.99 ± 0.05 0.98

(13) Ice and melting or sublimating particles 60 0.13–1.2 0.01–0.3 0.23 ± 0.09 1.45 ± 0.07 0.87

(14) Irregulars and aggregates 346 0.21–3.2 0.02–2.7 0.34 ± 0.02 1.65 ± 0.03 0.91

(15) Spherical particles 41 0.06–0.4 0.003–0.15 0.80 ± 0.02 2.04 ± 0.01 1.00

All data 2461 0.06–3.2 0.003–3.4 0.30 ± 0.01 1.54 ± 0.01 0.81

The fitted relationships for all particles (regardless of shape) also appear in Fig. 3 and 4 for A vs. Dmax and Ar vs. Dmax,

respectively. They represent a kind of average; however, they do not seem to be a good approximation for most of the shapes.150

3.2 Fall speed relationships

This section provides an analysis of how the particle size, cross-sectional area, and shape influence its fall speed. Figure 5

shows the distribution of fall speed data for each shape group and all data (regardless of shape). A vertical bar represents

the distribution of fall speed data for each shape. The bounds of each bar correspond to the 16th and 84th percentiles of the

distribution. The point on the bar shows the location of the median value. These bounds would correspond to ±1σ (standard155

deviation) if the distribution were normal. Table 2 contains a list of these percentiles and medians. We note that shape groups

(7) Bullet rosettes and (12) Graupel have the fastest fall speeds with a median value of v ' 0.6 m s−1. Followed by shape

groups (4) Capped columns, (9) Side planes, (11) Spatial stellar, (14) Irregulars, and (15) Spherical with a median fall speed

value of v ' 0.5 m s−1. The median of all data is approximately 0.43 m s−1, and most shape groups have their median within
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±0.08 m s−1 from this value. Shape groups (1) Needles, (2) Crossed needles, and (3) Thick columns have the lowest median160

values of 0.34 m s−1 or less.

Figure 5. The fall speeds v of snow crystals for each shape group are shown in solid lines. The median and the distribution of v are shown.

The values of the median are represented as points. The lower and upper ends of the vertical bars indicating the distributions are given by the

16th and 84th percentiles, respectively. For comparison, a black dashed line shows all data (regardless of shape).

3.2.1 Fitting to individual data: Ma

Fall speed versus particle size (v vs. Dmax) and fall speed versus cross-sectional area (v vs. A) relationships are useful to

parameterize fall speed. In order to find the v vs. Dmax relationships on the data, one can apply a power-law fit given by

v(Dmax) = aD ·
(
Dmax

1 mm

)bD
, (4)165

which yields straight lines on a logarithmic plot, and, from these lines, derive the parameters aD and bD. The v vs. A relation-

ships result from fitting data to a power law given by

v(A) = aA ·
(

A

1 mm2

)bA
. (5)

The parameters aA and bA are determined from linear fits to the data expressed as log(v) versus log(A). This method of fitting

to individual data is further referred to as Ma. As an example, we look at shape group (5) Plates, representing a commonly170

occurring shape that has clear results. The individual data points of the measured fall speeds appear in Fig. 6. It also shows the

68% prediction band, which describes the region, where to expect 68% of any new measurements. The prediction band can be

considered a measure of the spread of the data around the fit, which appears as lines in the same colour as the individual data

points.
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Table 2. Fall speed, v, for the shape groups. The fall speed range, the median and 16th and 84th percentiles are displayed. For comparison,

results for all the data, regardless of shape, are also shown.

Shape groups (1–15)
v [m s−1]

Range Median 16th 84th

(1) Needles 0.10–0.8 0.34 0.23 0.48

(2) Crossed needles 0.17–0.9 0.34 0.25 0.51

(3) Thick columns 0.14–0.8 0.30 0.21 0.45

(4) Capped columns 0.11–1.0 0.48 0.30 0.62

(5) Plates 0.11–0.9 0.39 0.29 0.51

(6) Stellar 0.13–0.8 0.39 0.19 0.53

(7) Bullet rosettes 0.15–0.8 0.59 0.49 0.73

(8) Branches 0.06–1.2 0.37 0.23 0.56

(9) Side planes 0.19–0.9 0.53 0.40 0.71

(10) Spatial plates 0.16–1.0 0.40 0.30 0.57

(11) Spatial stellar 0.13–1.1 0.50 0.27 0.74

(12) Graupel 0.26–1.0 0.57 0.35 0.86

(13) Ice particles 0.13–1.0 0.41 0.29 0.58

(14) Irregulars 0.06–1.5 0.45 0.23 0.67

(15) Spherical 0.09–1.6 0.50 0.18 0.74

All data 0.06–1.6 0.43 0.26 0.63

The large spread in fall speed apparent from Fig. 6, results in a low correlation to the fit functions. The results for this shape175

group represent the general features found in all shape groups, i.e., a large spread in fall speed data and relatively low R2 for

Ma. The v vs. Dmax and v vs. A relationships for all the shape groups are shown in Figures A1-A2 (see Appendix A). Tables 3

and 4, show these results for v vs. Dmax and for v vs. A, respectively. The only exceptions from the generally low correlations

are shape groups (11) Irregulars, (12) Graupel, and (15) Spherical with R2 > 0.5. For all other shape groups, the correlation

coefficients for Ma are R2 . 0.2 for both v vs. Dmax and v vs. A. Judging by these low R2 values, it is uncertain if the fit180

functions are representative of the measured data.

3.2.2 Fitting to binned data: Mb

The spread of fall speed data may be considered random noise, and binning the data should remove this noise to some extent.

Therefore, to improve the correlation, the data are first binned into ten particle size or cross-sectional area bins before fitting to

Eq. (4) and (5), respectively, where each bin contains as close to the same number of particles as possible. Therefore, the bin185

widths are variable and specific to each shape group, and thereby avoid the problem of individual bins having a disproportional
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compared to each other in Fig. 7, which shows that the correlation coefficients of seven out of 15 groups improve past 0.5 in

Mb for both R2
a and R2

b (see Tables 3 and 4), including three shape groups with a very high correlation to their fit (R2 & 0.9),

namely groups (5) Plates, (11) Spatial stellar, and (12) Graupel. The other groups with good correlation are (7) Bullet rosettes,205

(8) Branches, (14) Irregulars, and (15) Spherical. For all other eight shape groups, one or both of R2
a and R2

b remain below

0.5. Therefore, for these groups, no solid relationship could be found for v vs. Dmax, or v vs. A, or both.

3.2.3 Comparing size and cross-sectional area dependencies

For the seven groups with good correlations,R2
a andR2

b are similar (see also Fig. 7). As discussed in Sect. 3.1, particle size and

cross-sectional area are very well correlated, so this is expected. Only for two of the other eight groups, are the values of R2
a210

and R2
b similar. While for shape group (4) Capped columns, binning the data made a similar improvement to both R2

a and R2
b,

increasing the correlation towards 0.5, for (10) Spatial plates, both R2
a and R2

b remain very low for Mb. For the remaining six

groups, there is a noticeable difference between R2
a and R2

b. On the one hand, shape groups (6) Stellar and (13) Ice particles

have improved their correlation coefficients R2
a to above 0.5, but without an improvement in R2

b. On the other hand, groups

(1) Needles, (2) Crossed needles, (3) Thick columns, and (9) Side planes have R2
b values that are significantly larger than215

the respective R2
a values. For example, shape group (1) Needles has R2

a = 0.24 and R2
b = 0.50, and (3) Thick columns has

R2
a = 0.11 and R2

b = 0.44. For the groups (2) Crossed needles and (9) Side planes, the difference between R2
a and R2

b is most

pronounced with no improvement in R2
a but moderate values for R2

b of 0.36 and 0.50, respectively.

The results discussed above show that among these groups with a noticeable difference betweenR2
a andR2

b, more have larger

R2
b (four groups) than larger R2

a (two groups), i.e., more have better v versus A correlation than v versus Dmax. Particles are220

falling at a speed for which gravitational and drag forces are in equilibrium, i.e., fall speed depends on mass and drag, which in

turn depends on cross-sectional areaA and the drag coefficient CD (e.g., Mitchell, 1996). Since drag depends directly on cross-

sectional area, one may expect fall speed to depend more on the cross-sectional area than on particle size. Drag, in addition

to cross-sectional area, also depends on CD, which is proportional to the particle Reynolds number, which in turn depends

on a characteristic length of the particle. For most particle shapes, Dmax may be a good approximation for this characteristic225

length; hence, fall speed also depends directly on Dmax. However, for some shapes, Dmax may be significantly different from

the characteristic length for the Reynolds number, so that fall speed is not necessarily well correlated to Dmax.

For example, for needles or columns, if falling horizontally, this characteristic length is given by the needle’s or column’s

width rather than its maximum dimension Dmax, which is similar to the needle’s or column’s length. Indeed, the shape groups

related to needles and columns, i.e., (1) Needles, (2) Crossed needles, and (3) Thick columns, are among the four groups for230

which fall speed is better correlated toA than toDmax. Interestingly, as seen in Sect. 3.1, these three shape groups also have the

lowest exponents b for theA vs.Dmax relationships with values close to 1. Two of these groups, (1) and (2), are also among the

four groups with the lowest correlation between A and Dmax (together with shape groups (4) Capped columns and (6) Stellar),

indicating again that the differences between R2
a and R2

b that we see in three of these four groups are not unexpected.
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Table 3. Fall speed versus particle size (v vs. Dmax) relationships fitted to Eq. (4) for each shape group and all data, i.e., for all the particles

regardless of shape. The parameters aD , bD with their respective uncertainties, and the correlation coefficients (R2
a and R2

b) are shown for

both methods (Ma and Mb) for each shape group and regardless of shape.

v vs. Dmax

Shape groups (1–15)
Method Ma Method Mb

aD [m s−1] bD R2
a aD [m s−1] bD R2

b

(1) Needles 0.34 ± 0.02 -0.03 ± 0.05 0.001 0.35 ± 0.05 -0.15 ± 0.11 0.24

(2) Crossed needles 0.35 ± 0.06 0.01 ± 0.13 0.0002 0.35 ± 0.05 -0.07 ± 0.13 0.04

(3) Thick columns 0.36 ± 0.08 0.19 ± 0.09 0.05 0.34 ± 0.14 0.12 ± 0.15 0.11

(4) Capped columns 0.48 ± 0.03 0.33 ± 0.06 0.12 0.49 ± 0.07 0.28 ± 0.14 0.42

(5) Plates 0.50 ± 0.04 0.40 ± 0.05 0.24 0.51 ± 0.05 0.39 ± 0.06 0.88

(6) Stellar 0.26 ± 0.10 0.67 ± 0.21 0.20 0.23 ± 0.17 0.99 ± 0.37 0.54

(7) Bullet rosettes 0.59 ± 0.04 0.51 ± 0.14 0.26 0.62 ± 0.05 0.44 ± 0.15 0.59

(8) Branches 0.34 ± 0.02 0.33 ± 0.06 0.07 0.35 ± 0.03 0.36 ± 0.08 0.78

(9) Side planes 0.52 ± 0.02 0.14 ± 0.05 0.02 0.54 ± 0.02 0.04 ± 0.08 0.04

(10) Spatial plates 0.44 ± 0.09 0.21 ± 0.19 0.03 0.44 ± 0.13 0.20 ± 0.28 0.08

(11) Spatial stellar 0.46 ± 0.03 0.70 ± 0.05 0.48 0.45 ± 0.04 0.88 ± 0.10 0.93

(12) Graupel 0.98 ± 0.08 0.89 ± 0.11 0.65 1.07 ± 0.09 1.00 ± 0.13 0.91

(13) Ice particles 0.61 ± 0.12 0.38 ± 0.10 0.21 0.65 ± 0.14 0.39 ± 0.12 0.65

(14) Irregulars 0.44 ± 0.03 0.37 ± 0.05 0.16 0.46 ± 0.07 0.46 ± 0.12 0.70

(15) Spherical 4.49 ± 0.28 1.37 ± 0.16 0.67 4.76 ± 0.63 1.42 ± 0.35 0.73

All data 0.42 ± 0.01 0.20 ± 0.02 0.06 0.44 ± 0.02 0.19 ± 0.03 0.87

groups with R2
b > 0.5 have bA values around 0.2 (0.16 to 0.27) except for shape group (9) Side planes, which has the smallest

value (0.11).

There seems to be around factor 2 between bA and bD. By combining Equations 4, 5, and 2 one finds that b should give this

factor. As can be seen in Table 1, the coefficient b is for most shape groups between 1.5 and 2. Figure 9 shows the ratios bD
bA

as a function of b, and most ratios on this plot are close to the line bD
bA

= b. The exceptions are the two shape groups where R2
a255

was larger than R2
b ((6) Stellar, and (10) Spatial plates), which are found above the line. Group (10) is outside the plot domain

since it has an excessively high ratio of 9.37 caused by a very small bD. However, this is probably not meaningful since the

correlation is very bad for this group. The four shape groups with R2
b larger than R2

a ((1) Needles, (2) Crossed needles, (3)

Thick columns, and (9) Side planes), are below the line.
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Table 4. Fall speed versus cross-sectional area (v vs. A) relationships fitted to Eq. (5) for each shape group and for all data, i.e., for all the

particles regardless of shape. The parameters aA, bA with their respective uncertainties, and the correlation coefficients (R2
a and R2

b) are

shown for both methods (Ma and Mb) for each shape group and regardless of shape.

v vs. A

Shape groups (1–15)
Method Ma Method Mb

aA [m s−1] bA R2
a aA [m s−1] bA R2

b

(1) Needles 0.51 ± 0.07 0.21 ± 0.04 0.10 0.50 ± 0.16 0.20 ± 0.08 0.50

(2) Crossed needles 0.54 ± 0.15 0.30 ± 0.10 0.12 0.57 ± 0.27 0.33 ± 0.18 0.36

(3) Thick columns 0.73 ± 0.17 0.31 ± 0.06 0.22 0.60 ± 0.34 0.26 ± 0.12 0.44

(4) Capped columns 0.57 ± 0.07 0.17 ± 0.04 0.10 0.60 ± 0.12 0.16 ± 0.07 0.49

(5) Plates 0.59 ± 0.06 0.22 ± 0.03 0.23 0.57 ± 0.06 0.20 ± 0.03 0.88

(6) Stellar 0.37 ± 0.08 0.31 ± 0.12 0.14 0.37 ± 0.14 0.24 ± 0.25 0.13

(7) Bullet rosettes 0.81 ± 0.10 0.30 ± 0.08 0.28 0.79 ± 0.11 0.24 ± 0.09 0.55

(8) Branches 0.43 ± 0.04 0.20 ± 0.03 0.09 0.45 ± 0.07 0.20 ± 0.06 0.68

(9) Side planes 0.57 ± 0.03 0.11 ± 0.03 0.05 0.59 ± 0.04 0.11 ± 0.05 0.50

(10) Spatial plates 0.43 ± 0.17 0.04 ± 0.11 0.004 0.40 ± 0.40 0.02 ± 0.25 0.001

(11) Spatial stellar 0.67 ± 0.04 0.40 ± 0.03 0.51 0.70 ± 0.05 0.47 ± 0.04 0.96

(12) Graupel 1.35 ± 0.11 0.46 ± 0.05 0.69 1.40 ± 0.14 0.47 ± 0.07 0.89

(13) Ice particles 1.01 ± 0.19 0.30 ± 0.06 0.31 0.87 ± 0.38 0.24 ± 0.12 0.41

(14) Irregulars 0.56 ± 0.04 0.23 ± 0.03 0.19 0.60 ± 0.12 0.27 ± 0.08 0.68

(15) Spherical 5.42 ± 0.29 0.68 ± 0.08 0.69 5.92 ± 0.59 0.71 ± 0.15 0.78

All data 0.52 ± 0.02 0.18 ± 0.01 0.14 0.54 ± 0.02 0.18 ± 0.01 0.97

3.3 Particle orientation and area ratio260

3.3.1 Orientation

For certain shapes, the orientation of the falling particle can considerably change the cross-sectional area seen in the top-view

image. Therefore, the particle orientation will influence the drag and thus the fall speed. To test how much this affects our data,

particles that clearly show a horizontal or vertical orientation are selected among predominantly elongated particles, found

within the shape group (1) Needles, or predominantly planar particles found within one of the two groups (5) Plates and (6)265

Stellar. Particles that are identified by eye as having an orientation angle close to 0◦ are considered horizontal, and conversely,

particles with an orientation angle close to 90◦ are considered vertical. The orientation angle is here defined as the angle that

the horizontal plane forms with the particle plane, in case of planar particles, or with the particle axis, in case of elongated

particles. Only a total of 135 particles fulfilled these criteria, 109 with horizontal and 26 with vertical orientation. Figure 10
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Table 5. Fall speed versus particle size (v vs. Dmax) and fall speed versus cross-sectional area (v vs. A) relationships fitted to binned data

(Mb) for the combination of particles in shape groups (1) Needles, (2) Crossed needles, and (3) Thick columns with different area ratio Ar

ranges (low, intermediate and high). The number of particles, N , the parameters aD , bD , aA, bA and their respective uncertainties, and the

correlation coefficients R2
b are shown. All data are also shown. In this case, all data include only particles in these three shape groups, i.e.,

(1)–(3).

Ranges N
v vs. Dmax v vs. A

aD [m s−1] bD R2
b aA [m s−1] bA R2

b

All data (1–3) 486 0.34 ± 0.04 0.01 ± 0.07 0.01 0.50 ± 0.10 0.20 ± 0.05 0.74

Ar low 161 0.23 ± 0.05 0.64 ± 0.11 0.84 0.58 ± 0.08 0.43 ± 0.05 0.93

Ar intermediate 164 0.37 ± 0.04 0.72 ± 0.14 0.82 0.87 ± 0.12 0.48 ± 0.06 0.91

Ar high 161 0.50 ± 0.07 0.38 ± 0.08 0.80 0.93 ± 0.20 0.35 ± 0.08 0.78

for these shapes, as Ar increases, mass increases much more rapidly than A, and consequently, fall speed needs to increase

considerably for drag to compensate gravitational force. This effect can explain the strong dependence of fall speed on area

ratio for these elongated shapes.

For other shapes, the general dependence may be similar, though less pronounced due to a weaker Ar dependence of m.

Additionally, for these other shapes, the range of Ar is not as wide as for the elongated shapes. Moreover, for no other shape305

group do the fall speeds separate into distinguishable relationships after splitting the data according to Ar. That indicates that

the natural spread in fall speed may hide the Ar dependence of fall speed.

To examine further, we also consider what happens at increasing Dmax in the case of constant Ar. In this case, A∝D2
max,

and m∝D3
max in general. Consequently, as m increases much more rapidly with increasing Dmax than A, the fall speed also

increases rapidly with increasing Dmax, which is consistent with the strongest size dependence of fall speed existing in shape310

groups (12) Graupel and (15) Spherical (see Sect. 3.2).

Finally, considering the general case when neither Dmax nor Ar are constant, one needs to take into account both of the

special cases explained above. On the one hand, increasing Dmax leads directly to increasing fall speed. On the other hand,

increasing Dmax changes the particle morphology so that Ar decreases, which, in turn, causes fall speed to decrease. Since

these effects are opposed, they cancel each other out to some extent. The stronger the negative size dependence of Ar is, the315

weaker the positive size dependency of fall speed. If the effect related to Ar is the strongest, they cancel out almost entirely, as

in case of shape groups (1)–(3) where this results in the weakest size dependence of fall speed with low correlation. Another

consequence of the Ar dependence of fall speed is that variations in Ar cause variations in fall speed, i.e., they account in part

for the natural spread in the data.
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Table 6. The v vs. D relationships of previous studies given by Locatelli and Hobbs (1974) [Lo], Heymsfield and Kajikawa (1987) [H],

Mitchell (1996) [M], Barthazy and Schefold (2006) [B], and Lee et al. (2015) [Le] are shown for some shapes that were selected for the

comparison and correspond to (5) Plates, (6) Stellar, and (12) Graupel. The power laws for [M] have been determined by using equations

[20] and [22] in Mitchell (1996). The relationships found in this work are also shown as [VM]. The snow particles type, the total number of

particles N , ranges of particle sizes D, v vs. D relationships, the correlation coefficient R2, and the reference of the studies are displayed. In

some of these studies, the particle size is defined somewhat differently. However, in [H] and [M] D is defined as Dmax as in [VM]. Magono

and Lee (1966)’s symbols are sometimes added for shape clarification. These v vs. D relationships are shown in Fig. 13.

Snow particle type N Range of D Relationship (v–D) R2 Ref.

Shape group (5) Plates 197 0.21–1.7 mm 1. v/(m s−1) = 0.51 · (D/mm)0.39 0.88 [VM]

Hexagonal plates – 100–3000 µm 2. v/(cm s−1) = 184 · (D/cm)0.56 – [M]

Crystal with sector-like branches (P1b) – 40–2000 µm 3. v/(cm s−1) = 71 · (D/cm)0.31 – [M]

Thick plate (C1h) 19 0.30–0.6 mm 4. v/(cm s−1) = 1457 · (D/cm)1.09 0.46 [H]

Hexagonal plate (P1a) 34 0.30–1.5 mm 5. v/(cm s−1) = 297 · (D/cm)0.86 0.69 [H]

Crystal with sector-like branches (P1b) 19 0.40–1.6 mm 6. v/(cm s−1) = 190 · (D/cm)0.81 0.96 [H]

Unrimed plates – 0.30–2.7 mm 7. v/(m s−1) = 1.02 · (D/mm)0.23 0.87 [B]

Moderately rimed plates – 0.30–3.6 mm 8. v/(m s−1) = 1.21 · (D/mm)0.26 0.73 [B]

Plate – 0–4.0 mm 9. v/(m s−1) = 0.71 · (D/mm)0.35 – [Le]

Shape group (6) Stellar 43 0.54–2.3 mm 10. v/(m s−1) = 0.23 · (D/mm)0.99 0.54 [VM]

Stellar crystal with broad arms (P1d) – 90–1500 µm 11. v/(cm s−1) = 69 · (D/cm)0.30 – [M]

Stellar crystal with broad arms (P1d) 23 0.40–2.4 mm 12. v/(cm s−1) = 58 · (D/cm)0.55 0.82 [H]

Stellar with end plates (P2a) 11 0.70–3.0 mm 13. v/(cm s−1) = 72 · (D/cm)0.33 0.54 [H]

Plate with dendritic extensions (P2g) 10 0.70–2.8 mm 14. v/(cm s−1) = 160 · (D/cm)0.80 0.89 [H]

Moderately rimed dendrites – 0.45–3.7 mm 15. v/(m s−1) = 0.98 · (D/mm)0.27 0.69 [B]

Dendrite – 0–4.0 mm 16. v/(m s−1) = 0.79 · (D/mm)0.24 – [Le]

Shape group (12) Graupel 37 0.25–1.2 mm 17. v/(m s−1) = 1.07 · (D/mm)1.00 0.91 [VM]

Lump graupel (R4b) – 500–3000 µm 18. v/(cm s−1) = 728 · (D/cm)0.79 – [M]

Lump graupel (R4b) 35 0.5–2.0 mm 19. v/(m s−1) = 1.16 · (D/mm)0.46 r = 0.55 [Lo]

Lump graupel (R4b) 58 0.5–3.0 mm 20. v/(m s−1) = 1.3 · (D/mm)0.66 r = 0.77 [Lo]

Lump graupel (R4b) 17 0.5–1.0 mm 21. v/(m s−1) = 1.5 · (D/mm)0.37 r = 0.58 [Lo]

Lump graupel (R4b) 116 0.4–9.0 mm 22. v/(cm s−1) = 733 · (D/cm)0.89 0.78 [H]

R4b, T ≥ 0.5 ◦C 31 0.5–4.7 mm 23. v/(cm s−1) = 792 · (D/cm)0.68 0.92 [H]

R4b, T < 0.5 ◦C 85 0.5–9.0 mm 24. v/(cm s−1) = 614 · (D/cm)0.89 0.92 [H]

Graupel – 0–4.8 mm 25. v/(m s−1) = 1.54 · (D/mm)0.61 0.95 [B]

Graupel – 0–4.0 mm 26. v/(m s−1) = 1.25 · (D/mm)0.94 – [Le]

These are within or above [VM]’s confidence region. [H] reported lump graupel for temperatures below and above 0.5 ◦C, with

faster speeds for higher temperatures. These are below and above [VM]’s confidence region, respectively. Their relationship355
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for colder temperatures than 0.5 ◦C is closer to [VM]. The relationship by [Le] is close to [VM], just above the confidence

region, and the relationship from [B] is again at higher speeds, similar to the differences for plates and stellar.

In general, our v vs. D relationships agree reasonably well with the previous studies. The studies with the largest disparity

compared to this study may, in large part, be explained by the different approach to classifying snow particle shapes.

4 Summary and conclusions360

We have presented D-ICI measurements of natural snow, ice crystals and other hydrometeors, covering sizes from 0.06 to

3.2 mm. These data with dual images of every particle enable the retrieval of the particle shape, as well as size parameters from

the top view and fall speed from the double-exposed side-view images.

The particles were sorted according to a classification scheme presented in Vázquez-Martín et al. (2020), which uses 15 dif-

ferent shape groups: needles, crossed needles, thick columns, capped columns, plates, stellar crystals, bullet rosettes, branches,365

spatial plates, spatial stellar, graupel, ice particles, irregulars, and spherical particles. In this study, we have analysed fall speed

versus particle size (v vs. Dmax) and fall speed versus cross-sectional area (v vs. A) for each of the 15 shape groups. Fall speed

dependence of particle orientation has also been studied as well as dependence of area ratio. Following is a summary of the

conclusions drawn.

• Power-law functions represent the relationship between the cross-sectional area and the maximum dimension (Eq. (2))370

very well for all shape groups (see Table 1). The exponent b varies between about 1 and 2. Theoretically, the value

approaches 1.0 for very elongated shapes that predominantly grow in only one of the two dimensions shown on the top-

view images and 2.0 for spherical shapes. Indeed, data from the shape groups with very elongated shapes, (1) Needles,

(2) Crossed needles, and (3) Thick columns, and the groups with round particles, (12) Graupel and (15) Spherical, have

b values close to these theoretical limits. For the other shape groups, b varies between 1.4 and 1.8. Ultimately, as can be375

seen in Eq. (3), the smaller the value in b, the faster Ar decreases as Dmax increases (see Figure 4).

• Shape groups (7) Bullet rosettes and (12) Graupel have the fastest fall speeds with median speeds near 0.58 m s−1

(see Sect. 3.2). The lowest median values of 0.34 m s−1 or less are observed for shape groups (1) Needles, (2) Crossed

needles, and (3) Thick columns and the median of all data is approximately 0.43 m s−1, and most shape groups have their

median within ±0.08 m s−1 from this value.380

• Overall, the fall speed data of individual particles show a broad spread of values as a function of Dmax or A so that

no good correlation to the power-law fits given by Equations 4 and 5 exists. However, binning the data before applying

the power law improves the correlations substantially. For all shape groups, the fit to the individual data and the fit to

the data after binning, agree with each other within uncertainties. For about half of the shape groups, the correlation

coefficients after binning the data is larger than 0.5, and the corresponding fits are considered representative. For the385

remaining groups, it is uncertain if it is possible to find sufficiently representative power-law fits. See Table 3 (for v vs.

Dmax) and Table 4 (for v vs. A) for a full overview of these results.
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• For the majority of shape groups, the v vs. A correlation is about equally good as v vs. Dmax. This is expected due to

the generally very good correlation between A and Dmax.

• For a few shapes the v vs. Dmax and v vs. A correlations are different. For most of these shapes the v vs. A correlation390

is better than the v vs. Dmax. The fall speed depends on mass and drag, and drag on the cross-sectional area so that one

expects A to be more significant for fall speed than Dmax.

• The drag force depends on cross-sectional area, but also on the particle Reynolds number, which in turn depends on a

characteristic particle length. While for most shapes this characteristic length may be well approximated by Dmax, it

can be significantly different from Dmax for a few shapes. For such shapes, one can expect low correlation for the v vs.395

Dmax relationship, and this is the case for shape groups (1)–(3), for whichDmax is equivalent to the needles’ or columns’

length, but the characteristic length is given by their width instead. These groups have low v vs. Dmax correlation but

better v vs. A correlation.

• In this dataset, generally, only a few groups contained particles where we could distinguish clearly the orientation of

the falling particle, the planar and elongated shape groups. Only 135 particles have been found with close to exactly400

horizontal and vertical orientation. Of these, most are falling with a horizontal orientation, and we have found only 26

particles that are falling vertically orientated. These are falling slightly faster (the median is 0.08 m s−1 faster) than the

horizontally orientated particles (see Sect. 3.3), however, the small sample size inhibited any further analysis of fall speed

dependence on particle orientation.

• The shape groups (1) Needles, (2) Crossed needles, and (3) Thick columns show a distinct fall speed dependence on area405

ratio. By splitting particles of the same size or cross-sectional area into three categories of area ratio (low, medium, high),

we found that those with larger area ratios have higher fall speeds. These relationships have a high correlation, and much

higher than before splitting the data into different area ratio ranges (see Table 5). Only these three shape groups show

this behaviour. Thus, if a similar area ratio dependence exists for other shapes, then it is less pronounced.

• Our v vs.Dmax relationships for some of the better-correlated shape groups, (5) Plates, (6) Stellar, and (12) Graupel, are410

compared with other fall speed relationships given by previous studies. Our results agree reasonably well with the studies

that determined shape and fall speed for all particles or based on literature area–dimensional and mass–dimensional

relationships for specific shapes. Of these studies, some of them are somewhat faster, and some are somewhat slower than

our relationships for the corresponding shape group. Other studies differ significantly from our relationships. However,

in these studies, the shape groups were determined based on the identity of the most frequent particle shape within a415

time interval, i.e., other particle shapes undoubtedly reduced the precision of the dataset, and therefore may be the cause

of the bias between this dataset and theirs (see Sect. 3.4).

These resulting parameterizations of the snow microphysical properties as a function of particle shape may be useful for im-

proving our understanding of precipitation in cold climates in addition to helping improve the microphysical parameterizations

in the climate and forecast models.420
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Appendix A: Fall speed relationships for the shape groups

Figures A1 and A2 represent v vs. Dmax and v vs. A, respectively fitted to a power law, for all the 15 shape groups and, as in

Fig. 6 (Sect. 3.2), both methods (Ma, Mb) are shown for comparison.430
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Abstract.

Meteorological forecast and climate models require good knowledge of the microphysical properties of hydrometeors and

the atmospheric snow and ice crystals in clouds. For instance, their size, cross-sectional area, shape, mass, and fall speed.

Especially shape is an important parameter in that it strongly affects the scattering properties of ice particles, and consequently

their response to remote sensing techniques. The fall speed and mass of ice particles are other important parameters both for5

numerical forecast models and for the representation of snow and ice clouds in climate models. In the case of fall speed, it

is responsible for the rate of removal of ice from these models. The particle mass is a key quantity that connects the cloud

microphysical properties to radiative properties. Using an empirical relationship between the dimensionless Reynolds and Best

numbers, fall speed and mass can be derived from each other if particle size and cross-sectional area are also known.

In this work, ground-based in-situ measurements of snow particle microphysical properties are used to analyse mass as a10

function of shape and the other properties particle size, cross-sectional area, and fall speed. The measurements for this study

were made in Kiruna, Sweden during snowfall seasons of 2014 to 2019 and using the ground-based in-situ instrument Dual Ice

Crystal Imager (D-ICI), which takes high-resolution side- and top-view images of natural hydrometeors. From these images,

particle size (maximum dimension), cross-sectional area, and fall speed of individual particles are determined. The particles are

shape classified according to the scheme presented in our previous work, in which particles sort into 15 different shape groups15

depending on their shape and morphology. Particle masses of individual ice particles are estimated from measured particle

size, cross-sectional area, and fall speed. The selected dataset covers sizes from about 0.12 mm to 3.2 mm, fall speeds from

0.1 m s−1 to 1.6 m s−1, and masses from close to 0 µg to 230 µg. In our previous work, the fall speed relationships between

particle size and cross-sectional area were studied. In this work, the same dataset is used to determine the particle mass, and

consequently, the mass relationships between particle size, cross-sectional area, and fall speed are studied for these 15 shape20

groups. Furthermore, the mass relationships presented in this study are compared with the previous studies.

Keywords: Natural snow crystals; hydrometeors; microphysical properties; fall speed; mass; ground-based in-situ measure-

ments.
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1 Introduction25

Atmospheric models need accurate knowledge of atmospheric ice crystals and snow particles’ microphysical properties to

ensure realistic parameterizations (e.g., Stoelinga et al., 2003; Tao et al., 2003). These properties, including size, cross-sectional

area, shape, fall speed, and mass of ice particles, cannot be measured directly with remote sensing methods. Therefore, retrieval

methods of cloud and snow properties also rely on good assumptions of the microphysical properties.

For example, particle shape is an important parameter for retrievals of cloud properties from optical remote sensing (see,30

e.g., Yang et al., 2008; Baum et al., 2011; Xie et al., 2011; Loeb et al., 2018). Furthermore, it can affect active and passive

microwave measurements of clouds and snowfall (e.g., Sun et al., 2011; Matrosov et al., 2012; Marchand et al., 2013; Kneifel

et al., 2010; Cooper et al., 2017). Therefore, the shape dependence of the other microphysical properties is crucial to ensure

accurate parameterizations. The fall speed of ice and snow crystals is a critical parameter for the modelling of the microphysical

precipitation processes (Schefold et al., 2002) and the climate as it influences the lifetime of cirrus clouds, the vertical transport35

of water, and the snowfall rate (e.g., Mitchell et al., 2008). Ice particle mass parameterizations are required to derive ice water

content (IWC), a key parameter to describe ice and its contribution to the radiation budget of the atmospheric models (Waliser

et al., 2009; Thornberry et al., 2017).

Therefore, it is desirable to have measurements and datasets of falling snow particles that include all these microphysical

properties: size, cross-sectional area, shape, fall speed, and mass of particles. To measure all simultaneously is difficult. How-40

ever, particle fall speed or mass can be derived if the other properties are known. The fall speed cannot be computed directly

from particle size, cross-sectional area, and mass, because the drag force on the particle depends on the drag coefficient CD

that itself depends on the fall speed. The dimensionless Best number X that only depends on particle size, cross-sectional area,

and mass can eliminate this interdependency. The Best number can then help determine the Reynolds number, Re, through

empirical relationships between Re and X . Finally, Re is used to calculate the fall speed, v.45

For spherical particles, this Re–X relationship is well known (Abraham, 1970). Böhm (1989) suggested a modified Re–X

relationship to determine v for all snow particles. Mitchell (1996) used that relationship to derive v vs particle size power laws

from dimensional power laws of cross-sectional area and mass. The same Re–X relationship may also be used to determine

mass if v in addition to particle size and cross-sectional area is known. Szyrmer and Zawadzki (2010) have done this to

determine average v vs mass relationships from measurements of snow aggregates’ fall speeds.50

In this study, the masses of individual particles are derived from measured particle sizes, cross-sectional areas, and fall speeds

using the dataset from our previous study Vázquez-Martín et al. (2020b) that also includes particle shape. Then, mass relation-

ships as functions of particle size, cross-sectional area, or fall speed are analyzed for different snow particle shapes. Section 2

describes the dataset used in this work. Section 3 shows the derivation of particle mass and mass relationships. Section 4 shows

and discusses the resulting relationship between mass, size, cross-sectional area, and fall speed. All relationships are studied55
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separately for various particle shapes. In the same section, we also present comparisons between our mass relationships and

those from previous studies. In Sect. 5, this study is summarized and concluded.

2 Dataset

The dataset consists of 2461 high-resolution dual images of falling natural snow crystals and other hydrometeors. The data

have been collected in Kiruna, Sweden (67.83◦ N, 20.41◦ E), using D-ICI, the ground-based in-situ instrument described in60

Kuhn and Vázquez-Martín (2020), during multiple snowfall seasons, the winters of 2014/2015 to 2018/2019. Snow particles

are imaged simultaneously from two different viewing directions. One is horizontal, recording a side view, and one is close

to vertical, recording a top view. From the top-view images, we can determine particle size, cross-sectional area, and area

ratio. From the side-view images, since they are exposed twice, we can determine fall speed. These images are high-resolution

(optical resolution of about 10 µm) where one pixel corresponds to 3.7 µm. The additional information dual images provide,65

improves the shape classification carried out by looking at both top- and side-view images. The particles are classified according

to their shape and sorted into 15 different shape groups as described in Vázquez-Martín et al. (2020a). A complete description

of the dataset and data processing methods is given by Vázquez-Martín et al. (2020b).

3 Methods

3.1 Mass derivation70

The motion of hydrometeors when free-falling through the atmosphere establishes an equilibrium between two forces; the

gravity and the aerodynamic drag. The resulting particle settling speed is called fall speed v. Thus, the fall speed is governed

by the physical properties of the hydrometeors, including their mass and projected area, in addition it involves the aerodynamic

principles, such as drag force, and the environmental conditions. The gravitational force is proportional to the particle mass

m, while the frictional or drag force is proportional to both the particle projected area, i.e. the cross-sectional area A, and the75

square of its fall speed v. The force balance yields

m · g = 1

2
· ρa · v2 ·A ·CD, (1)

where g is the gravitational acceleration, ρa the air density, and CD the drag coefficient. To determine v from the particle

properties m and A using this equation, the drag coefficient CD has to be known as well. However, CD depends on particle

size, shape, and on v itself. Using Eq. 1 together with the Reynolds number80

Re =
ρa · v ·Dmax

η
, (2)

where Dmax is the maximum dimension or particle size and η the dynamic viscosity of air, one can determine the Best number

X = CD ·Re2 as

X =
2 ·m · g · ρa ·D2

max

A · η2 . (3)
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Thus, X can be calculated from the particle properties Dmax, A, and m. From X one can determine Re, if the relationship85

between Re and X is known, and, ultimately, v can be determined from Eq. 2. Böhm (1989) provides a relationship between

Re and X for snow particles, which is shown here in the form given by Mitchell (1996)

Re =
δ20
4
·



(
1+

4 ·X1/2

δ20 ·C
1/2
0

)1/2

− 1



2

, (4)

where δ0 = 5.83 and C0 = 0.6 are unit-less constants, and use it together with the approach described above to determine v

from the particle properties Dmax, A, and m.90

In a similar approach, one can determine particle mass if Dmax, A, and v are known. For this, Re is determined from v and

Dmax using Eq. 2. Then, X is determined from Eq. 4 solved for X

X =
δ40 ·C0

16
·





[(
4 ·Re
δ20

)1/2

+1

]2
− 1





2

. (5)

Finally, m is calculated from Eq. 3

m=
X ·A · η2

2 · g · ρa ·D2
max

. (6)95

The atmospheric conditions for each particle are described by adapting η and ρa to the measured temperature and pressure.

Then, using the above approach, particle mass can be added to our dataset. For all non-spherical shapes, i.e. our shape groups (1)

Needles, (2) Crossed-needles, (3) Thick columns, (4) Capped columns, (5) Plates, (6) Stellar, (7) Bullet rosettes, (8) Branches,

(9) Side planes, (10) Spatial plates, (11) Spatial stellar, (12) Graupel, (13) Ice particles, and (14) Irregulars, the set ofC0 = 0.6

and δ0 = 5.83 that is adapted to fit best all types of snow particles (Böhm, 1989; Mitchell, 1996) is used in Eq. 5. For spherical100

shapes it is more appropriate to use the constants first introduced by Abraham (1970) for spheres: C0 = 0.292 and δ0 = 9.06.

Thus, for spherical particles in our dataset, i.e. for shape group (15) Spherical, these constants are used instead.

3.2 Fitting relationships to data

Once mass is calculated, we can parametrize the relationships mass versus particle size,m(Dmax), mass versus cross-sectional

area, m(A), and fall speed versus mass, v(m), by fitting our data to the power laws105

m(Dmax) = ãD ·
(
Dmax

1 mm

)b̃D
, (7)

m(A) = ãA ·
(

A

1 mm2

)b̃A
, (8)

v(m) = am ·
(

m

1 µg

)bm
, (9)110

which represent straight lines on logarithmic plots. Hence, linear least squares fits to the logarithm of the data yield the

parameters ãD, b̃D, ãA, b̃A, am, and bm. The parameter ãD corresponds to the mass at Dmax = 1 mm, ãA to the mass at A =
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1 mm2, and am to the fall speed at m= 1 µg. The parameters b̃D, b̃A, and bm are the exponents in the power laws and the

slopes in the linear fits.

The relationships are determined by binning the data first, before fitting to Eq. 7–Eq. 9. As seen in Vázquez-Martín et al.115

(2020b), using binned data instead of individual data reduces the data spread so that fit-functions based on binned data are more

robust than fit-functions based on individual data. Therefore, also here the data are first binned into a suitable number of bins.

Ten mass bins (for m vs Dmax and m vs A relationships) and ten fall speed bins (for v vs m) are used, respectively. The bins

are spaced such that each bin contains as close to the same number of particles as possible. As a consequence, the bin widths

are variable and specific to each shape group, and thereby avoid the problem of individual bins having a disproportional effect120

on the fit. The binned data consist of the median values for each bin. Then, the m vs Dmax, m vs A, and v vs m relationships

are fitted to the median masses versus median maximum dimensions, median masses versus median cross-sectional areas, and

median fall speeds versus median masses, respectively.

3.3 Analytical derivation of relationships

These relationships can be useful for comparing parameterizations of other studies, or for parametrizing these relationships in125

retrievals or models. In case a suitable dataset is not available, an alternative to fitting these relationships to measured data, is to

derive particle mass analytically from previously determined parameterizations of particle size vs cross-sectional area (Dmax

vs A), cross-sectional area versus particle size (A vs Dmax), fall speed versus particle size (v vs Dmax) and fall speed versus

cross-sectional area (v vs A) given by power laws

Dmax(A) = a′ ·
(

A

1 mm2

)b′
, A(Dmax) = a ·

(
Dmax

1 mm

)b
, (10)130

v(Dmax) = aD ·
(
Dmax

1 mm

)bD
, (11)

v(A) = aA ·
(

A

1 mm2

)bA
. (12)

The parameter a′ corresponds to the particle size atA= 1 mm2, a corresponds to the cross-sectional area atDmax = 1 mm, aD135

to the fall speed at Dmax = 1 mm, and aA to the fall speed at A= 1 mm2. The parameters b′, b, bD, and bA are the exponents

in the power laws.

The derivation of these power laws is shown in Appendix B (Eq. B3–Eq. B6). There, also the X vs Re relationship is

expressed as power law instead of using Eq. 5. This can be done by approximating Eq. 5 piece-wise in several regions of X to

power laws Eq. B1, as done by (Mitchell, 1996). The resulting power laws are140

m(Dmax) =
η2 · γ · a

2 · g · ρa · 1 mm2
·
(
aD · ρa · 1 mm

η

)δ
·
(
Dmax

1 mm

)bD·δ+δ+b−2
, (13)

m(A) =
γ · 1 mm2 · η2
2 · g · a′2 · ρa

·
(
aA · a′ · ρa

η

)δ
·
(

A

1 mm2

)bA·δ+b′·δ+1−2·b′

, (14)
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v(m) =

[
1 µg · 2 · g · a′2D · ρa

γ · a′A · η2
·
(

η

a′D · ρa · 1 m s−1

)δ] δ
(b′
D

+1)·δ+b′
A
−2·b′

D

·
(

m

1 µg

) 1
(b′
D

+1)·δ+b′
A
−2·b′

D
. (15)145

Note, that the two methods described in Sect. 3.2 and in this section for deriving the relationships given by Eq. 7–Eq. 9 are

equivalent if they are based on the same dataset. The two methods will yield the same relationships if both use the same power

law approximations of X vs Re and the same atmospheric conditions (given as constant η and ρa for the whole dataset).

4 Results and discussions

4.1 Results from fitting and correlations150

The particle masses have been determined from measured Dmax, A, and v with the method described in Sect. 3.1. The m vs

Dmax, m vs A, and v vs m relationships given by Eq. 7–Eq. 9 are then fitted to the resulting data, now consisting of Dmax, A,

v, and m, for the 15 shape groups using the fitting method based on binned data described in Sect. 3.2. Figure 1 and Table 1

show the results. For simplicity, we use short names included in Table 1 for the shape groups from here on, and Fig. 1 shows

their full names. The large spread in the data represented as individual points is apparent in Figs. A1–A3 in Appendix A.155

When fitting m vs Dmax, m vs A, and v vs m relationships to the binned data, we note that, in general, there is a high

correlation (0.6 . R2 . 1) for most the shape groups. In the following, we call the correlation coefficients R2
D, R2

A, and R2
m

to indicate to which of the three relationships they belong to. For the m vs Dmax relationship, the only exceptions to high

correlations are shape groups (1) Needles and (2) Crossed needles with R2
D ' 0.2 as well as (3) Thick columns with R2

D =

0.51. For the m vs A relationship, only shape group (10) Spatial plates has a lower correlation with R2
A = 0.45. In these cases,160

judging by these low R2 values, it is uncertain if the fit functions are representative of the measured data. Figure 2 compares

the coefficients R2
D and R2

A of all the shape groups, and for most shape groups, the two are similar. Only the four groups

mentioned above with lower correlation in one of the relationships have a distinct difference between R2
D and R2

A. These are

clearly above and below the line representing R2
A =R2

D in Fig. 2. Of these, the three shape groups (1)–(3) above the line have

a better correlation for m vs A than for m vs Dmax, which is consistent with a better v vs A correlation than v vs Dmax for the165

same groups (Vázquez-Martín et al., 2020b), given that we have derived m using measured v here.

For the v vs m relationship, all values of R2
m are 0.81 or higher. These high values indicate that v is better correlated to

m than to Dmax or A (see the generally lower R2 values reported in Vázquez-Martín et al., 2020b). The generally very high

correlations are partly also a consequence of m being derived from v, rather than being an independent measurement.

4.2 Mass versus Dmax and A170

Figure 1a and Fig. 1b show the m vs Dmax and m vs A relationships including, for reference, the mass of liquid water spheres

symbolizing rain or fog droplets given by the power laws m= π
6 · ρw ·D3

max and m= 4·ρw
3·√π ·A

3/2 , respectively, where ρw =

1 g cm−3 is the density of liquid water. The mass of spheres is proportional toD3
max and toA

3/2 . Thus, comparing to Eq. 7 and
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Eq. 8, one can see that the exponents b̃D = 3 and b̃A = 1.5 for spheres. The values of ãD and ãA for spheres are 524 µg, the

mass of a droplet with 1 mm diameter, and 752 µg, the mass of a droplet with a cross-sectional area A= 1 mm2, respectively.175

4.2.1 Slopes b̃D and b̃A

The exponent b̃D for shape groups (12) Graupel and (15) Spherical is close to the value of 3 for spheres, 2.87 and 2.81,

respectively. For the same groups, b̃A is close to the value of 1.5 for spheres, 1.42 for both shape groups. For these shape

groups, this is expected due to their spherical or roundish morphology. These exponent values, corresponding to the slopes

in Fig. 1a) and b) are among the highest values for all shape groups. Shape groups (6) Stellar and (11) Spatial stellar are180

the only other shape groups that have similarly steep relationships. These two groups do not have a roundish morphology that

could explain this. However, a slope similar to spherical particles indicates that in these groups the morphology remains similar

independent of size, i.e. during growth the ice particles grow equally in all three dimensions.

For most other shape groups, the exponent b̃D varies between 1.2 and 2, and all other b̃A values range between 0.8 and

1.2. Three shape groups, (1) Needles, (2) Crossed Needles, and (3) Thick columns, stand out with the lowest exponents b̃D185

of approximately 0.8 or lower. These can easily be seen in Fig. 1a) as the lines with the most shallow slopes. For these

groups, this is understandable due to their morphology. We have seen in Vázquez-Martín et al. (2020b) that an increase in

Dmax (needle length) is directly proportional to A, indicating that the diameter of these needle-shaped particles (needle width)

remains similar, whereas Dmax, and consequently A is growing. Thus, these shapes are clear examples of a size-dependent

morphology, i.e. as size increases, not all three dimensions grow at the same rate. In this case, since Dmax is approximately190

proportional to A, one would expect both values of b̃D and b̃A ' 1, which most of them are for these three shape groups. Only

b̃D for shape groups (1) and (2) are smaller than 1, indicating a decreasing width as the particle length increases. This seems

inconsistent, which might be due to the X–Re relationship given by Eq. 5 not being accurate for these shapes. However, this

may also be related to the very low correlation in these two cases.

The ratio between the exponents b̃D and b̃A is equal to the exponent b, as can be seen from Eq. 7, Eq. 8, and Eq. 10. Figure 3195

shows the ratios b̃D
b̃A

plotted versus b, and most ratios on this plot are close to the line, b̃D
b̃A

= b, and range between 1.6 to 2. The

exceptions which have ratios much below the line are the two shape groups where R2 was relatively low, R2
D ' 0.2 for m vs

Dmax relationship, i.e. groups (1) Needles and (2) Crossed needles. The ratios for shape groups (3) Thick columns, (9) Side

planes, and (13) Ice particles are found slightly below the line, with values between 0.9 and 1.5. Of these groups, (3) and (13)

are among the groups showing more uncertainty in the determined relationship, as indicated in Fig. 1a) by the larger confidence200

regions around the fits. For group (9) Side planes, the uncertainty is smaller and can not explain the lower ratio. Instead, the

X–Re relationship given by Eq. 5 not describing well this shape group may be responsible again.

4.2.2 Coefficients ãD and ãA

All relationships but those of shape group (15) Spherical form a cluster of lines located in a smaller region in both Figs. 1a)

and b). The only relationship found outside this cluster is that of shape group (15), which, if extrapolated towards larger sizes205

or cross-sectional areas, predict larger masses than any relationship of the other shape groups. The fit coefficients ãD and ãA
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reflect this since they predict the mass at the unit reference of 1 mm for ãD and 1 mm2 for ãA. These values are much larger

for spheres, ãD = 244 µg and ãA = 381 µg, respectively, than for any other shape group. The second-largest values are for

shape group (12) Graupel, ãD = 56.0 µg and ãA = 138 µg, respectively, all other groups have still much smaller values. The

smallest values are found for the five groups (1–3), (6), and (8). Of these, (1–3) form the lower edge of the cluster of all m210

vs Dmax relationships except for group (15) (Fig. 1a), which furthermore have the lowest and most distinct slopes mentioned

earlier. Similarly, these five groups (1–3), (6), and (8) form the lower edge of the cluster of all m vs A relationships except for

group (15) (Fig. 1b).

As can be seen in Figs. 1a) and b), the power laws for (15) are close to the reference lines for liquid droplets, however,

predicting somewhat lower masses. These differences may be due to several reasons. While shape group (15) Spherical may215

contain liquid droplets, it also contains ice particles that have a lower bulk density ρice compared to the bulk density of liquid

water ρw. Also, the small frozen rain droplets that shape group (15) contains, are not perfectly spherical, which leads to overes-

timating mass if assuming a spherical shape. Furthermore, sizing errors cause an apparent error in fall speeds. Overestimating

the size leads effectively to too low v, which in turn yields too low derived m.

4.3 Fall speed versus particle mass220

The exponent values bm, i.e. the slopes of the v vs m relationships on Fig. 1c), vary less than the slopes of the m vs Dmax and

m vs A relationships, they range only from 0.34 to 0.50. The shape groups with the highest slope values include group (15) as

well as most of the groups that had the lowest slope values in them vsDmax andm vsA relationships, b̃D and b̃A, respectively,

i.e. groups (1–3) and (6). Rather than the slopes, different speeds at any given mass distinguish the different shapes. This can

be seen with the values of am, representing the fall speed predicted by the relationships at the mass given by the reference225

unit of 1 µg. However, 1 µg is below usually encountered masses for most shape groups. Therefore, it is more instructive to

evaluate predicted fall speeds closer to the median of masses in the dataset. At a mass of for example 3 µg, the fall speeds vary

between 0.17 m s−1 and 0.53 m s−1 as seen in Fig. 1c). The highest four fall speeds at this mass correspond to shape groups

(15), (13), (3), and (12), in order of descending speed. These groups contain the most compact shapes. Contrarily, the group

with the lowest speed at 3 µg, shape group (6), features the most open structures.230

4.4 Comparison with previous studies

The mass versus particle size (m vs D) and fall speed versus mass (v vs m) relationships of the common shapes plates, den-

drites, graupel, and spheres, i.e. for our shape groups (5) Plates, (6) Stellar (called dendrites in other studies), (12) Graupel, and

(15) Spherical, respectively, are compared to previously published relationships based on measurements of mass of individual

particles. The parameterizations of m vs D (see Fig. 4a–c) selected for this comparison are taken from Locatelli and Hobbs235

(1974) [Lo], Heymsfield and Kajikawa (1987) [H], Kajikawa (1989) [K], Mitchell (1996) [M], and Erfani and Mitchell (2017)

[E] and are listed in Table 2. For comparison with v vs m (see Fig. 4d) of our shape groups (12) Graupel and (15) Spherical,

parameterizations of measurements by [Lo] (see also Table 2) and measurements of Gunn and Kinzer (1949) [G] have been

selected. Relationships from this work are further referred to as [VM]. Fig. 4 shows all these relationships. For comparison, a

8



Figure 1. Mass versus particle size (m vsDmax), mass versus cross-sectional area (m vsA), and fall speed versus mass (v vsm) relationships

are shown in logarithmic scale for all the shape groups (solid lines) and all data (dashed black line). The median Dmax, A, and m of the data

is represented as a single point on each line. The length of fit lines is defined by 16th and 84th percentiles of Dmax, A, and m. The 68%

confidence region for the fits is also shown. a) The m vs Dmax relationships. For comparison, the mass of spheres, corresponding to rain or

fog droplets, given by m= π
6
· ρw ·D3

max, where the density ρw = 1 g cm−3, is shown as a grey dashed line. b) The m vs A relationships.

For comparison, the mass of spheres given by m= 4·ρw
3·√π ·A3/2 is shown as a grey dashed line. c) The v vs m relationships.

line for speeds determined from Eq. 2 using Re calculated from the Re vs X relationship Eq. 4 with C0 = 0.292 and δ0 = 9.06240

and X given by Eq. 3 for spherical particles having a density ρw = 1 g cm−3 is added to the v vs m relationships in Fig. 4.

This line will be referred to as [Re–X].
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Table 1. Mass versus particle size (m vsDmax), mass versus cross-sectional area (m vsA), and fall speed versus mass (v vsm) relationships

fitted to Eq. 7–Eq. 9 for each shape group and all data, i.e. for all the particles regardless of shape. The number of particlesN , parameters ãD ,

b̃D , ãA, b̃A, am, bm with their respective uncertainties, and the correlation coefficients R2 are shown for each shape group and regardless of

shape.

Shape groups (1–15) N
m vs Dmax m vs A v vs m

ãD [µg] b̃D R2
D ãA [µg] b̃A R2

A am [m s−1] bm R2
m

(1) Needles 317 3.20 ± 0.12 0.29 ± 0.27 0.17 16.9 ± 0.33 0.87 ± 0.16 0.83 0.20 ± 0.03 0.46 ± 0.02 0.98

(2) Crossed needles 66 3.90 ± 0.12 0.42 ± 0.27 0.28 26.0 ± 0.44 1.18 ± 0.30 0.72 0.17 ± 0.04 0.49 ± 0.02 0.99

(3) Thick columns 103 3.58 ± 0.31 0.81 ± 0.33 0.51 18.8 ± 0.62 0.86 ± 0.21 0.73 0.23 ± 0.01 0.50 ± 0.01 1.0

(4) Capped columns 189 11.5 ± 0.12 1.64 ± 0.23 0.90 38.7 ± 0.17 0.99 ± 0.10 0.95 0.22 ± 0.12 0.35 ± 0.05 0.88

(5) Plates 197 17.4 ± 0.04 1.72 ± 0.05 1.00 34.6 ± 0.10 0.96 ± 0.05 0.99 0.22 ± 0.08 0.33 ± 0.04 0.92

(6) Stellar 43 4.74 ± 0.31 2.60 ± 0.69 0.70 20.0 ± 0.19 1.39 ± 0.33 0.74 0.10 ± 0.11 0.47 ± 0.04 0.96

(7) Bullet rosettes 41 18.3 ± 0.10 1.99 ± 0.33 0.86 57.2 ± 0.16 1.12 ± 0.13 0.93 0.23 ± 0.16 0.34 ± 0.06 0.85

(8) Branches 438 7.16 ± 0.05 1.78 ± 0.14 0.97 23.8 ± 0.11 1.08 ± 0.09 0.96 0.16 ± 0.05 0.39 ± 0.02 0.98

(9) Side planes 350 15.4 ± 0.03 1.42 ± 0.09 0.98 37.6 ± 0.06 0.95 ± 0.07 0.97 0.20 ± 0.06 0.34 ± 0.02 0.98

(10) Spatial plates 48 13.1 ± 0.20 1.45 ± 0.42 0.66 24.3 ± 0.58 0.81 ± 0.37 0.45 0.16 ± 0.19 0.46 ± 0.09 0.81

(11) Spatial stellar 185 13.5 ± 0.06 2.61 ± 0.13 0.99 50.0 ± 0.08 1.45 ± 0.06 0.99 0.18 ± 0.08 0.36 ± 0.03 0.97

(12) Graupel 37 56.0 ± 0.13 2.87 ± 0.18 0.98 138 ± 0.18 1.42 ± 0.09 0.98 0.25 ± 0.08 0.36 ± 0.04 0.95

(13) Ice particles 60 9.83 ± 0.30 1.24 ± 0.25 0.81 43.6 ± 0.46 0.93 ± 0.15 0.87 0.28 ± 0.05 0.43 ± 0.04 0.95

(14) Irregulars 346 12.0 ± 0.08 1.91 ± 0.15 0.96 37.2 ± 0.18 1.11 ± 0.11 0.94 0.19 ± 0.09 0.37 ± 0.04 0.94

(15) Spherical 41 244 ± 0.78 2.81 ± 0.44 0.87 381 ± 0.76 1.42 ± 0.20 0.90 0.29 ± 0.04 0.55 ± 0.03 0.98

All data 2461 10.1 ± 0.03 1.40 ± 0.05 0.99 31.2 ± 0.03 0.99 ± 0.02 1.0 0.21 ± 0.04 0.33 ± 0.02 0.99

is at the lower end of the density range reported by [Lo] for their medium density relationship (>0.10 to 0.25 g cm−3). The

relationship by [H] for lump graupel (R4b) is similar to [Lo]’s medium density. The relationship by [E] agrees also with [VM],

but only around 1 mm, as their relationship has a much lower slope (b̃D = 2.16) than all other relationships for graupel (2.7 to

3.1). The mass of liquid water spheres m= π
6 · ρw ·D3 that was shown on Fig. 1a) is added also to Fig. 4c) as reference. Its

comparison with [VM]’s line for shape group (15) Spherical is discussed in Sect. 4.2.2.275

The v vs m relationships from [Lo] (Fig. 4d) come, within their ranges, close to our relationship for shape group (12). In

general, at a certain particle mass, the size and cross-sectional area, and thus the drag force, decrease with increasing graupel

particle density. This can be seen, to some extent, for the three lines by [Lo]. However, their lines have different slopes in a way

that makes them intersect with each other. Their slope is more shallow than the relationship of [VM], consequently they also

cross that line. The slope for graupel of [VM] is more similar to that of the relationships related to spherical particles than the280

lines for graupel by [Lo]. Consequently it approaches spherical particles, which represent an upper limit in speed, at a lower

mass than the lines by [Lo].
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Table 2. The m vs D and v vs m relationships of previous studies given by Locatelli and Hobbs (1974) [Lo], Heymsfield and Kajikawa

(1987) [H], Kajikawa (1989) [K], Mitchell (1996) [M], and Erfani and Mitchell (2017) [E] are shown for some shapes that were selected for

the comparison and correspond to (5) Plates, (6) Stellar, (12) Graupel, and (15) Spherical. The power laws for [M] have been determined

by using equation [15] in Mitchell (1996). The relationships found in this work are also shown as [VM]. The snow particles type, the total

number of particles N , ranges of particle sizes D, mass m, fall speeds v, the m vs D, v vs m relationships, the correlation coefficient (R2),

and the reference of the studies are displayed. In these references, the particle sizes are defined somewhat differently. In [VM], as well as

[H] and [M], D is defined as Dmax. Magono and Lee (1966)’s symbols are sometimes added for shape clarification. These m vs D, v vs m

relationships are shown in Fig. 4. The power laws from the literature have been converted in order to have the same units, so that mass m is

in µg, particle size D in mm, and fall speed v in m s−1.

Snow particle type N Range of D Range of m Range of v Relationships (m–D, v–m) R2 Ref.

Shape group (5) Plates 197 0.21–1.7 mm 0.53–62 µg 0.11–0.9 m s−1 1. m /(µg) = 17.4 · (D/mm)1.72 1.0 [VM]

Hexagonal plates – 0.10–3.0 mm – – 2. m /(µg) = 26.2 · (D/mm)2.45 – [M]

Crystal with sector-like branches (P1b) – 0.04–2.0 mm – – 3. m /(µg) = 13.6 · (D/mm)2.02 – [M]

Thick plate (C1h) 19 0.30–0.6 mm 2.6–10 µg – 4. m /(µg) = 54.9 · (D/mm)2.68 0.67 [H]

Hexagonal plate (P1a) 34 0.30–1.5 mm 0.20–70 µg – 5. m /(µg) = 18.4 · (D/mm)3.31 0.93 [H]

Crystal with sector-like branches (P1b) 19 0.40–1.6 mm 0.70–34 µg – 6. m /(µg) = 9.38 · (D/mm)2.83 0.97 [H]

Shape group (6) Stellar 43 0.54–2.3 mm 1.37–77 µg 0.13–0.8 m s−1 7. m /(µg) = 4.74 · (D/mm)2.60 0.70 [VM]

Stellar crystal with broad arms (P1d) – 0.09–1.5 mm – – 8. m /(µg) = 5.77 · (D/mm)1.67 – [M]

Stellar crystal with broad arms (P1d) 23 0.40–2.4 mm 0.20–31 µg – 9. m /(µg) = 2.47 · (D/mm)2.59 0.95 [H]

Stellar with end plates (P2a) 11 0.70–3.0 mm 4.9–92 µg – 10. m /(µg) = 6.23 · (D/mm)2.53 0.88 [H]

Rimed stellar (R1d) 48 0.70–5.3 mm 2.0–539 µg – 11. m /(µg) = 5.34 · (D/mm)2.58 0.85 [H]

Unrimed dendrites – – – – 12. m /(µg) = 15.5 · (D/mm)1.91 – [E]

Rimed dendrites – – – – 13. m /(µg) = 32.7 · (D/mm)1.78 – [E]

Stellar with end plates (P2a) 97 1.4–7 mm – – 14. m /(µg) = 6.75 · (D/mm)2.09 r = 0.76 [K]

Rimed stellar (R1d) 43 1.6–5.8 mm – – 15. m /(µg) = 9.18 · (D/mm)1.76 r = 0.68 [K]

Shape group (12) Graupel 37 0.25–1.2 mm 1.10–75 µg 0.26–1.0 m s−1 16. m /(µg) = 56.0 · (D/mm)2.87 0.98 [VM]

37 0.25–1.2 mm 1.10–75 µg 0.26–1.0 m s−1 17. v /(m s−1) = 0.25 · (m/µg)0.36 0.95 [VM]

Lump graupel (R4b) 35 0.50–2.0 mm – – 18. m /(µg) = 42.0 · (D/mm)3.00 r = 0.98 [Lo]

35 0.50–2.0 mm – – 19. v /(m s−1) = 0.46 · (m/µg)0.15 r = 0.53 [Lo]

Lump graupel (R4b) 58 0.50–3.0 mm – – 20. m /(µg) = 78.0 · (D/mm)2.80 r = 0.93 [Lo]

58 0.50–3.0 mm – – 21. v /(m s−1) = 0.46 · (m/µg)0.24 r = 0.84 [Lo]

Lump graupel (R4b) 17 0.50–1.0 mm – – 22. m /(µg) = 140 · (D/mm)2.70 r = 0.98 [Lo]

17 0.50–1.0 mm – – 23. v /(m s−1) = 0.79 · (m/µg)0.12 r = 0.52 [Lo]

Lump graupel (R4b) 116 0.40–9.0 mm 14–68,000 µg – 24. m /(µg) = 85.0 · (D/mm)3.10 0.89 [H]

Lump graupel (R4b) – – – – 25. m /(µg) = 53.7 · (D/mm)2.16 – [E]

Shape group (15) Spherical 41 0.06–0.4 mm 0.17–37 µg 0.09–1.6 m s−1 26. m /(µg) = 244 · (D/mm)2.81 0.87 [VM]

41 0.06–0.4 mm 0.17–37 µg 0.09–1.6 m s−1 27. v /(m s−1) = 0.29 · (m/µg)0.55 0.98 [VM]
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5 Summary and conclusions

This manuscript presents new mass and fall speed parameterizations derived from D-ICI measurements of natural snow, ice

crystals and other hydrometeors, covering sizes from 0.1 mm to 3.2 mm. Using the dataset and fall speed vs particle size and

vs cross-sectional area relationships from Vázquez-Martín et al. (2020b), where fall speeds cover ranges from 0.1 m s−1 to290

1.6 m s−1, in this work, we have added particle masses to our dataset of measured particle size, cross-sectional area, and fall

speed of individual particles. The calculated values of individual particle masses range from close to 0 µg to 230 µg.

Mitchell (1996) presented fall speed relationships derived from power laws of cross-sectional area and mass vs particle size

using a relationship between Re andX . We calculate particle mass data from our measurements of particle size, cross-sectional

area, and fall speed using the same Re–X relationship. With this new extended dataset, mass vs particle size relationships, mass295

vs cross-sectional area, and fall speed vs mass, given by Eq. 7–Eq. 9, have been derived and studied for different particle shapes.

We present the conclusions that our results led to in this study below.

• As seen in Figs. A1–A3 in Appendix A, and discussed in Section 4.1, the data’s large spread is apparent. However, when

fitting m vs Dmax, m vs A, and v vs m relationships to binned data, there are high correlation coefficients for most of

the shape group, with values between 0.6 and 1. The only exceptions are shape groups (1) Needles, (2) Crossed needles300

for the m vs Dmax relationship with R2
D ' 0.2, and shape group (10) Spatial plates for the m vs A relationship with

R2
A =0.45. For the shape groups with higher values of R2

D and R2
A, i.e. for all groups but (1), (2), and (10), the values of

R2
D are similar to the corresponding values of R2

A (see Fig. 2). For v vs m, there is a good correlation for all 15 shape

groups (see Table 1).

• When deriving the m vs Dmax, m vs A, and v vs m relationships analytically from A vs Dmax, (see Section 3.3), the305

results are equivalent to fitting to measured data. The analytical relationships Eq. 13–Eq. 15 can be used if power laws

are available instead of data. However, fitting to data has the advantage that Eq. 5 can be used rather than power-law

approximations required for the analytical derivation of relationships (see B in Appendix).

• The parameters b̃D and b̃A are the slopes in the corresponding power laws. Their values are highest for the shape

groups (6) Stellar, (11) Spatial stellar, (12) Graupel, and (15) Spherical, close to the values for spheres, i.e. b̃D = 3310

and b̃A = 3/2. While this is as expected for shape groups (12) and (15), for groups (6) and (11) it indicates that the

morphology in these shape groups remains similar independent of size, i.e. during growth the ice particles grow equally

in all three dimensions.

• The exponent values bm, i.e. the slopes of v vs m, range from 0.33 to 0.55. These slopes bm do not distinguish well

the different shapes as we have seen with slopes b̃D for m vs Dmax. Instead, different speeds at any given mass are315

characteristic for the different shapes, with the highest fall speed for (15) Spherical and the lowest for (6) Stellar that has

shapes with open structures.
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• We compared our m vs Dmax and v vs m relationships with other mass relationships given by previous studies. The

shape groups compared in this study are (5) Plates, (6) Stellar, (12) Graupel, and (15) Spherical. Our results agree

reasonably well with the references used.320

– For plates (Section 4.4.1), the m vs D relationship reported in Mitchell (1996) [M] for crystal with sector-like branches

(P1b) is similar to our results [VM]. The coefficients ãD are also similar to each other, 17.4 µg ([VM]) and 13.6 µg

([M]). The other relationships have larger values of ãD. The parametrization for Hexagonal plate (P1a) from [M] is also

reasonably close to our results, and their ãD values are of a similar order, 17.4 µg ([VM]) and 18.4 µg ([M]).

– For dendrites (Section 4.4.2), there are several m vs D relationships from the previous studies that are relatively close to325

our results, for instance, the relationships for stellar with end plates (P2a) for Heymsfield and Kajikawa (1987) [H] and

Kajikawa (1989) [K].

– For graupel and spheres, (Section 4.4.3), Locatelli and Hobbs (1974) [Lo] reported m vs D relationships for lump

graupel (R4b) with different particle densities (high, medium and low). Our relationship for graupel is between [Lo]’s

low and medium density relationships, whereas the relationship by [H] for lump graupel (R4b) is similar to [Lo]’s330

medium density relationship. For the comparison, data from Gunn and Kinzer (1949) [G], is also used. We can see that

our results for shape group (15) Spherical are consistent with [G] since both are relatively close to each other.

– The v vs m relationships for lump graupel (R4b) are close to our relationship for shape group (12) Graupel [VM]. The

slope of [VM] is more similar to the relationships related to spherical particles than the lines by [Lo]. The lines for

spherical particles of [G] and [Re–X] correspond to a line for speeds determined from Eq. 2 using Re from Eq. 3 and335

Eq. 4 for spherical particles with density ρw = 1 g cm−3, are very close to each other. We report somewhat lower speeds

for the shape group (15) Spherical [VM]. This difference may be that shape group 15 in [VM] consists of any spherical

particle, including ice, whereas the two lines of [G] and [Re–X] are exclusively liquid droplets.

These resulting parameterizations of the snow microphysical properties as a function of particle shape may be useful for

improving our understanding of precipitation in cold climates and improving the microphysical parameterizations in the climate340

and forecast models. Furthermore, these relationships can determine particle masses through fall speed, and particle sizes

measured data.
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Appendix A: Mass relationships for the shape groups350

Figures A1–A3 shows them vsDmax,m vsA, and v vsm relationships for all the 15 shape groups fitted to binned data. These

relationships correspond to power laws given by Eq. 7–Eq. 9.

Appendix B: Mass derivation using power laws

Particle mass data and their relationships are estimated analytically from a relationship between the Reynolds and Best num-

bers, in addition to A vs Dmax, v vs Dmax, and v vs A power laws given by Eq. 10–Eq. 12. Section 3 has briefly presented this355

approach of deriving the particle mass analytically. This section derives the mass relationships. The m vs Dmax, m vs A, and

v vs m relationships given by this approach are equivalent to fitting to individual data. Indeed we get identical results in the

ãD, b̃D, ãA, b̃D, am, bm parameters using X vs Re as power law X = γ ·Reδ , where γ and δ come from the fit of our data for

each shape group. The main steps of this approach can be summarized as follows.

We express the relationship between X and Re as power law. Then, X is360

X(Re) = γ ·Reδ, (B1)

where γ and δ are the parameters in the power law. We determine these parameters by fitting Eq. 5 to the power law over ranges

of Re corresponding to each shape group. Consequently, for each shape group, we get one set of γ and δ.

We express Re as a power law in Dmax using Eq. 2 and replacing v with the power law given by Eq. 11

Re(v,Dmax) =
v(Dmax) ·Dmax · ρa

η
=

(
aD ·

(
Dmax

1 mm

)bD) · Dmax

1 mm · 1 mm · ρa
η

=

=

(
aD · ρa · 1 mm

η

)
·
(
Dmax

1 mm

)bD+1

= ε ·
(
Dmax

1 mm

)ζ
, (B2)365

where ε and ζ are the parameters. Once we have all the power laws, we can determine the particle mass m using Eq. 6,

and express it as a function of particle size Dmax, area A, and fall speed v. Consequently, the mass relationships given by

Eq. 7–Eq. 9 can be derived as follow

m(Dmax) =
X ·A(Dmax) · η2
2 · g · ρa ·D2

max

=
η2 · γ · εδ · a

2 · g · ρa · 1 mm2
·
(
Dmax

1 mm

)ζ·δ+b−2
=

=
η2 · γ · a

2 · g · ρa · 1 mm2
·
(
aD · ρa · 1 mm

η

)δ
·
(
Dmax

1 mm

)ζ·δ+b−2
=

=
η2 · γ · a

2 · g · ρa · 1 mm2
·
(
aD · ρa · 1 mm

η

)δ
·
(
Dmax

1 mm

)bD·δ+δ+b−2
= ãD ·

(
Dmax

1 mm

)b̃D
, (B3)
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where ãD and b̃D are the parameters.370

m(A) =
X ·A · η2

2 · g · ρa ·Dmax(A)2
=
γ ·Reδ · A

1 mm2 · 1 mm2 · η2

2 · g · ρa ·
[
a′ ·
(

A
1 mm2

)b′]2 =

=
γ ·
(
v(A)·Dmax(A)·ρa

η

)δ
· A
mm2 · 1 mm2 · η2

2 · ρa ·
[
a′ ·
(

A
1 mm2

)b′]2 =

=

γ ·
(
aA·( A

1 mm2 )
bA ·a′·( A

1 mm2 )
b′ ·ρa

η

)δ
· A
mm2 · 1 mm2 · η2

2 · ρa ·
[
a′ ·
(

A
1 mm2

)b′]2 =

=
γ · aδA · a′δ−2 · ρδ−1a · 1 mm2 · η2−δ

2 · g ·
(

A

1 mm2

)bA·δ+b′·δ+1−2·b′

=

=
γ · 1 mm2 · η2
2 · g · a′2 · ρa

·
(
aA · a′ · ρa

η

)δ
·
(

A

1 mm2

)bA·δ+b′·δ+1−2·b′

= ãA ·
(

A

1 mm2

)b̃A
, (B4)

where ãA and b̃A are the parameters.

m(v) =
X ·A(v) · η2

2 · g · ρa ·Dmax(v)2
=
γ ·Reδ · a′A ·

(
v

1 m s−1

)b′A · η2

2 · g · ρa ·
[
a′D
(

v
1 m s−1

)b′D]2
=

=
γ ·
(

v
1 m s−1 · 1m s−1 ·Dmax(v) · ρaη

)δ
· a′A ·

(
v

1 m s−1

)b′A · η2

2 · g · ρa ·
[
a′D ·

(
v

1 m s−1

)b′D]2
=

=
γ ·
[

v
1 m s−1 · 1 m s−1 · a′D ·

(
v

1 m s−1

)b′D · ρaη
]δ
· a′A ·

(
v

1 m s−1

)b′A · η2

2 · g · ρa ·
[
a′D ·

(
v

1 m s−1

)b′D]2
=

=
γ · (1 m s−1)δ · a′δ−2D · ρδ−1a · a′A · η2−δ

2 · g ·
( v

1 m s−1

)δ+b′D·δ+b′A−2·b′D
=

=
γ · a′A · η2

2 · g · a′2D · ρa
·
(
a′D · ρa · 1 m s−1

η

)δ
·
( v

1 m s−1

)δ+b′D·δ+b′A−2·b′D
= ãv ·

( v

1 m s−1

)b̃v
, (B5)

where ãv and b̃v are the parameters.375
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From Eq. B5, we can determine v(m) as follows

( v

1 m s−1

)δ+b′D·δ+b′A−2·b′D
=

m(v) · 2 · g
γ · (1 m s−1)δ · a′δ−2D · ρδ−1a · a′A · η2−δ

=

(
m

1 µg

)
· 1 µg · 2 · g

γ · (1 m s−1)δ · a′δ−2D · ρδ−1a · a′A · η2−δ
⇒

⇒ v(m) =

(
1 µg · 2 · g

γ · (1 m s−1)δ · a′δ−2D · ρδ−1a · a′A · η2−δ

) 1
δ+b′

D
·δ+b′

A
−2·b′

D

·
(

m

1 µg

) 1
δ+b′

D
·δ+b′

A
−2·b′

D
=

=

[
1 µg · 2 · g · a′2D · ρa

γ · a′A · η2
·
(

η

a′D · ρa · 1 m s−1

)] δ
(b′
D

+1)·δ+b′
A
−2·b′

D ·
(

m

1 µg

) 1
(b′
D

+1)·δ+b′
A
−2·b′

D
= am ·

(
m

1 µg

)bm
, (B6)

where am and bm are the parameters.
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Figure A1. Mass versus particle size (m vs Dmax) relationships given by Eq. 7–Eq. 9 for all the shape groups are shown. Individual data

(coloured symbols) and binned data (blue symbols with error bars) are displayed. Median values in the respective bins represent the binned

data. The total length of the error bars represents the spread in mass data, which is given by the difference between the 16th and 84th

percentiles. The relationships fitted to binned data are shown. The 68% prediction band and the 68% confidence region for the fits are also

shown. The same data are shown in Table 1.
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Figure A2. Same as Figure A1, but mass versus cross-sectional area (m vs A) relationships given by Eq. 7–Eq. 9 are shown here.
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Figure A3. Same as Figures A1–A1, but fall speed versus mass (v vs m) relationships given by Eq. 7–Eq. 9 are shown here.
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